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ABSTRACT
CONSEQUENCE OF FUNCTIONING AT END RANGE ON JOINT MOTION:
IMPLICATIONS ON ANTERIOR KNEE PAIN
MAY 2011
PEDRO RODRIGUES, B.S., UNIVERSITY OF CONNECTICUT
M.S., UNIVERSITY OF CONNECTICUT
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Joseph Hamill
“Excessive” and/or “delayed” subtalar joint (STJ) pronation has been linked to
overuse injuries because of its influence on tibial internal rotation (TIR). The transfer of
STJ pronation to TIR occurs via the talocrual joint, believed to have limited transverse
plane motion. However, studies have shown the talocrural joint to have more transverse
plane motion than once believed, therefore it is feasible that the STJ will only influence
the motion of the tibia once this motion has been exhausted.
Currently, studies evaluating this relationship have focused on peak joint angles
and excursion without reference to the amount of motion available at the ankle joint
complex (AJC). Therefore the purpose of these studies were to evaluate whether runners
with anterior knee pain (AKP) utilize a greater percentage of their available eversion
motion (eversion buffer), evaluate the effects of small eversion buffers on coordination,
and evaluate the influence of orthotics on those with AKP and with the smallest eversion
buffers.
This study found healthy and injured runners, for the most part, presented with no
significant differences in traditional pronation related variables. The one exception was
peak pronation velocity, where injured runners demonstrated faster velocities. On the
vi

other hand injured runners had significantly smaller eversion buffers which lead them to
change their coordinative pattern earlier during stance. This difference in pattern also
caused the intra-individual coupling variability to peak earlier during stance.
Orthotics successfully controlled the kinematics of the AJC and increased the
eversion buffer of injured runners and in those displaying the smallest buffers. While
orthotics successfully influenced the kinematics of the AJC, they did not influence those
of the tibia and knee. These changes at the AJC did not have a strong impact on the
coordinative patterns of the lower extremity, however demonstrated a trend toward being
able to influence the intra-individual coupling variability.
In summary, injured runners demonstrated smaller eversion buffers and changed
their coordinative pattern earlier during stance. While orthotics successfully increased the
eversion buffer, they did not strongly influence coordination variables. Future studies
analyzing pronation related variables in injured populations should evaluate them relative
to the available motion at the AJC.
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CHAPTER I
DEVELOPMENT OF THE PROBLEM
1. Intro duction
There are several known health benefits to regular physical activity and exercise
including reductions in cardiovascular disease, coronary heart disease, obesity, type 2
diabetes, osteoporosis, and depression (Kesaniemi, et al., 2001). To obtain these benefits,
the American College of Sports Medicine and the American Heart Association
recommend 30 minutes of moderate exercise five days a week or 20 minutes of vigorous
exercise three days a week (Haskell, et al., 2007). Running is one form of vigorous
exercise which is used by approximately 33 million Americans to improve and maintain
their physical condition (Association, 2009). However, with all the benefits of a regular
exercise program also comes the increased risk of musculoskeletal injury; in fact, an
estimated 20-46% of runners are likely to sustain a running related injury within any
calendar year (McKean, et al., 2006; Taunton, et al., 2003). Of these injuries, the knee is
the most frequently injured region, accounting for approximately 20-48 % of all injuries,
with anterior knee pain (AKP) being the most common diagnosis (Clement, 1981;
Macintyre, et al., 1991; McKean, et al., 2006; Taunton, et al., 2003).
Anterior knee pain (AKP) was initially thought to originate from irritated
subchondral bone as a result of articular cartilage damage. Today it is recognized that
pain can originate from several structures, including the surrounding retinaculum and
synovium (Fulkerson, 1983; Fulkerson, et al., 1985; Insall, et al., 1976; Leslie & Bentley,
1978). Most often, these structures are thought to be injured as a result of altered
patellofemoral biomechanics (Huberti & Hayes, 1984; Lee, et al., 1994; Lee, et al., 2001;
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Powers, et al., 2003). Several factors have been purported to alter the mechanics of this
joint, some inherited, such as hip anteversion or trochlear dysplasia, while others are
acquired, such as weakness in specific muscle groups or decreased flexibility (Fulkerson
& Arendt, 2000; Tecklenburg, et al., 2006). One of the most common biomechanical
factors purported to increase an individual’s risk for developing AKP is “excessive”
and/or “delayed” subtalar joint (STJ) pronation (Buchbinder, et al., 1979; Tiberio, 1987).

2. Subtalar Joint Pronatio n and Anterior Knee Pain
Subtalar joint motion occurs about an axis which, on average, lies 42° in the
sagittal plane and 16° in the transverse plane (Manter, 1941; Norkin & Levangie, 1992).
Consequently, motion occurs in three planes and is referred to as pronation and
supination. When the calcaneus is free to move, pronation about this axis consists of the
calcaneus everting, abducting and dorsiflexing relative to the talus. However, in
situations when movement of the calcaneus is limited, the talus is thought to move
relative to the calcaneus in the sagittal and transverse planes (Tiberio, 1987). For
example, during stance, pronation consists of the calcaneus everting and the talus
adducting and plantarflexing (Figure 1.1). Ultimately, the STJ is in an identical position;
however, the position was attained with different segmental contributions. This
distinction is important because the talus is thought to be tightly positioned in the mortise
formed by the fibula and tibia. As a result, any transverse plane motion of the talus is
thought to also induce transverse plane rotation of the tibia (Lundberg, et al., 1989;
Norkin & Levangie, 1992; Tiberio, 1987).
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Given that motion of the STJ influences the rotation of the tibia, it is commonly
hypothesized that the quantity and timing of STJ pronation plays a role in the
development of overuse injuries such as AKP. This is particularly true for knee injuries,
as there is an obligatory rotation that occurs as the knee flexes and extends. More
specifically, as the knee moves into flexion it will be accompanied with internal rotation
and likewise as it reaches full extension it will externally rotate. This obligatory rotation
has been referred to as the “screw home mechanism” and is a result of the joint’s bony
and ligamentous anatomy (Bates, et al., 1978; Norkin & Levangie, 1992; Tiberio, 1987).

Figure 1.1. During stance, STJ pronation is thought to consist of the calcaneus everting and the talus
adducting and plantarflexing. As a result of the adducting talus, the tibia is driven into internal rotation.
Note. From “The Effect of Excessive Subtalar Joint Pronation on Patellofemoral Mechanics: A Theoretical
Model, “by D. Tiberio,1987, Journal of Orthopedic and Sports Physical Therapy, 9, p. 162. Copyright
1987 The Orthopedic and Sports Physical Therapy Sections of the American Association of Physical
Therapy. Reprinted with permission of publisher.
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Succinctly, during the stance phase of heel toe running, the foot generally lands in
a slightly supinated position and the knee is in a small amount of flexion. The foot then
pronates through early stance, causing the tibia and knee to internally rotate as it flexes.
At approximately midstance the foot begins to supinate, causing the tibia and the knee to
externally rotate. This allows the knee to extend and the “screw home” mechanism to
occur at push-off. It is widely believed that when this coordination between the STJ and
knee is disrupted, there is an increased probability of injury (Bates, et al., 1978;
Buchbinder, et al., 1979; Tiberio, 1987).
Theoretically, in the presence of excessive and/or prolonged pronation, the tibia
and knee would also be excessively internally rotated at push off, thus disrupting the
“screw home” mechanism and resist full extension. However, Tiberio (1987)
hypothesized that the this mechanism could be maintained if the femur compensated by
internally rotating, resulting in the required knee external rotation. Unfortunately, while
this compensation preserves the arthrokinematics of the tibiofemoral joint, it sacrifices
those at the patellofemoral joint, placing increased stress and strain on its articular surface
and surrounding soft tissue (Buchbinder, et al., 1979; Lee, et al., 2001; Powers, et al.,
2003; Tiberio, 1987). This theoretical biomechanical injury model has been the
foundation of several non-surgical treatments of AKP, including the prescription of
orthotics.

3. Research Studies
While the theoretical construct described above is widely accepted, research
studies have not supported the association between “excessive” and/or “prolonged”
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pronation and AKP. From an epidemiological stand point, prospective and retrospective
studies have examined the association between dynamic and static measures of pronation
and the risk of developing AKP in recreational runners and military recruits entering
basic training (Hetsroni, et al., 2006; Kaufman, et al., 1999; Lun, et al., 2004; Messier, et
al., 1991; Walter, et al., 1989). These studies have included measures such as the arch
index, navicular height, standing pronation angle, foot range of motion (ROM) and
dynamic pronation related variables. While most studies support the fact that AKP is a
commonly occurring injury, they fail to demonstrate any association between static and
dynamic measures of foot pronation and the development of AKP.
These findings have also been partially supported by biomechanical studies.
Powers et al. (2002) analyzed the three dimensional lower extremity kinematics of 42
females, 24 of which were suffering from AKP. These authors found no differences in
the peak segment angles of the femur, tibia and foot between those with and without
AKP. Additionally, they found no difference in the timing of the peak angles between
these groups. These findings were partially supported by Levinger et al. (2007) who
found no significant differences in peak ankle joint complex (AJC) eversion and knee
internal rotation between groups, however they did find that eversion occurred
significantly later in those experiencing AKP. In summary, although clinically accepted,
the association between AKP and the degree of foot pronation does not seem to be
supported by epidemiological studies. Biomechanical studies have also not completely
supported this theoretical construct, demonstrating no association between peak pronation
and AKP. Nonetheless, there is some evidence that individuals with AKP may pronate
significantly later into stance (Levinger & Gilleard, 2007).
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4. Orthotics
While the studies above, for the most part, do not support the association between
“excessive” and/or “delayed” foot pronation and AKP , orthotic studies have painted a
different story. When using pain and function as metrics, orthotics have been
consistently shown to be effective. Eng et al. (1993) reported significant improvements
in pain during running, stair ascent, stair descent and squatting in subjects prescribed both
orthotics and exercise versus those performing exercise alone. Similarly, Amell et al.
(2000) and Saxena et al. (2003) reported that over 70% of subjects reported
improvements following an orthotic intervention.
These improvements are generally presumed to be a result of an orthotic’s ability
to control foot pronation and improve foot posture, in turn improving the mechanics of
the knee. Nevertheless, orthotic studies have not consistently demonstrated the ability to
control foot or tibial motion. MacClean et al. (2006) found that orthotics significantly
decreased peak AJC eversion and peak AJC eversion velocity in a group of healthy
female runners. Although changes at the AJC were witnessed, no changes at the knee
were noted. In contrast, Williams et al. (2003), found that orthotics had no effect on the
AJC, but that it did decrease peak tibia internal rotation. Therefore, although orthotics
have been shown to be effective in decreasing pain and function, the mechanism in which
they bring about these changes remains debatable.

5. Coordination Between the Foot and Tibial Kinematics
At the foundation of this theoretical construct is the notion of STJ pronation being
tightly coupled with tibial internal rotation (TIR) due to the congruency of the talocrural
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joint. If this assumption held true one would expect the following: 1) the timing of peak
pronation and TIR would occur at approximately the same time; 2) when the quantity of
pronation changed so would the amount of TIR; and 3) each degree of pronation would
result in the same amount of TIR regardless of the joint’s angular position.
Nonetheless, these characteristics have not been consistently found in the healthy
population. First, while some authors have found that the timing of AJC pronation and
TIR occur at approximately the same time during stance (McClay & Manal, 1997;
Powers, et al., 2002), others have found that they do not (Levinger & Gilleard, 2007;
Reischl, et al., 1999). Secondly, orthotic studies that have demonstrated significant
changes in AJC pronation have not found differences in tibial motion (MacLean, et al.,
2006). Likewise, those who have found differences in tibial motion have not found
changes in AJC pronation (Williams, et al., 2003). Lastly, Stacoff et al. (2000)
haveprovided evidence that the AJC pronation does not result in the same amount of TIR
throughout stance. This can be appreciated on the angle-angle plots in figure 1.2, where
the coupling ratio between the AJC and tibia can be visualized by looking at the slope of
a tangent line drawn at different points during stance. Using this technique, one can see
that the slope and therefore the ratio of eversion to TIR changes throughout stance.
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Figure 1.2 The coupling between eversion and TIR can be appreciated through the entire stance phase by
visualizing a tangent on the angle-angle graphs above. Using this technique it is possible to see how the
ratio between eversion and TIR changes at different points during stance phase.
Note. From “Movement Coupling at the Ankle During the Stance Phase of Running,” by Stacoff, B. Nigg,
Reinschmidt, A.J.van den Bogert, A. Lundberg, E. Stussi, J. Denoth, 2000, Foot and AnkleInternational,
21, p. 237. Copyright 2000 by the American Orthopaedic Foot and Ankle Society. Adapted with permission
of the publisher.

To gain insight to the root of this discrepancy one has to return to the foundation
of how STJ motion influences tibial motion. Generally, the talocrual joint is believed to
have little to no transverse plane motion, therefore as the STJ pronates the talus adducts
8

and drives the tibia into internal rotation. However, several studies have shown the
talocrual joint to have an ample amount of transverse plane motion with values ranging
between 11-24° of being reported (Lundberg, et al., 1989; McCullough & Burge, 1980;
Rasmussen & Tovberg-Jensen, 1982). Additionally, dynamic studies that have directly
tracked the talus using bone pins have also found similar amounts of transverse plane
motion at the talocrural joint (Arndt, et al., 2004; Arndt, et al., 2007). Therefore, it is
possible the adducting talus must first take up the transverse plane motion at the talocural
joint prior to inducing TIR. If this were true, the following could hypothetically occur: 1)
the timing between peak AJC pronation and peak TIR may not be synchronous, 2)
changes in AJC eversion would not necessarily influence the kinematics of the tibia, and
3) one degree of eversion would not always translate into the same amount of TIR. For
these reasons, the association between AJC eversion, TIR, and its potential role in the
development of AKP may be better understood by identifying where the AJC and the
talocrual joint are functioning relative to their available motion.

6. Dynamic ROM Relative to Available ROM
Traditionally biomechanical studies have focused on peak angular displacements
without reference to the joint’s available ROM. As a result one could hypothetically
have a scenario where two “neutral” runners demonstrating 5° of eversion could be using
a different percentage of their available motion. For example, if one runner only had 5°
of passive eversion ROM, they would be using up all of their available motion and from
the surrounding soft tissues standpoint, overpronating. On the other hand the runner with
10° of passive eversion maintains a 5° buffer and from the surrounding soft tissues view
point neutral.
9

To date, two studies have expressed the dynamic movement of the AJC relative to its
available motion. Youberg et al. (2005) manually evaluated the frontal plane ROM of the
AJC in 80 healthy feet. These authors passively moved this joint to end range and
captured its position using an electromagnetic motion capture system. Using this same
system, dynamic joint angles were collected while subjects walked barefoot at a self
selected speed. Dynamic joint angles were then compared to the AJC’s passive ROM.
On average, subjects used 68% of their available eversion ROM. More importantly, 21
feet were found to use 70% or more of the available ROM with 12 using more motion
than what was passively available.
Engsberg et al. (1996) performed a similar study, in which the active ROM of the
AJC was evaluated with the assistance of a device (Figure 1.3) and a motion capture
system (Allinger, 1990; Nigg, et al., 1995). Dynamic joint angles were collected using
the same marker set used to collect ROM trials, and then compared. In concordance with
the previous study, these authors found that a group of runners, who were considered to
be “over” pronators, exceeded their frontal plane ROM boundary by an average of 8.4 º
and their transverse plane ROM boundary by 4.2°.
In summary, these studies demonstrate that there may be value in referencing the
quantity of pronation to the amount of motion available. Both provide evidence that
there is a subset of the population that functions close to and even exceeds the AJC’s
available ROM during dynamic tasks such as walking and running. Nevertheless, neither
study explored the effect that this had on the tibia, the surrounding joints and the resulting
compensations that may have taken place throughout the lower extremity. As discussed
in previous sections, as these individuals near end range, movement at the talocrural joint
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will be taken up and as a result may significantly change the coupling between the AJC
and tibia as well as the mechanics of the entire lower extremity.

Figure1.3. Device utilized by Allinger et al.(1990) to measure ankle joint complex ROM. It was designed
to allow rotation and translation in all planes. Together with a motion capture system, this device has been
shown to reliably measure the ROM of the AJC.
Note. From “A Method to Determine the ROM of the Ankle Joint Complex, In Vivo,” by T.L. Allinger,
J.R. Engsberg, 1993, Journal of Biomechanics, 26, p. 70. Copyright 1992 by the Pergamon Press Ltd.
Reprinted with permission of publisher.

7. Joint/Segment Coordination Variability
Classically, variability has been considered to be an unfavorable characteristic of
human movement and a feasible cause of many overuse injuries. However, recently
several dynamical system techniques have been employed to study these injuries and
have cast a more favorable light on variability. For instance, Hamill et al. (1999)
observed that runners experiencing AKP demonstrated less coordinative variability
compared to a group of healthy controls using a continuous relative phase technique.
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This decrease in variability was interpreted as result of an inflexible coordinative pattern
that would place repetitive stress on the same tissue. Likewise, Heiderscheit et al.(2002)
reported a decrease in coordinative variability in subjects with AKP using vector coding.
More specifically, this reduction was primarily seen at the time surrounding initial
contact. Remarkably, the variability was found to immediately increase, matching that of
the healthy lower extremity after the application of a McConnel taping technique
purported to improve the alignment of the patellofemoral joint (Heiderscheit, 2000).
Hypothetically, the reduction in variability reported above could be a result of a
joint functioning near end range. If a joint was functioning near end range, it would not
only move in a limited range but also demonstrate a repeatable movement pattern.
Likewise, as a result of moving in a limited range, the segments which make up that joint
would also demonstrate limited movement relative to one another. This decrease in
relative segmental movement could account for the decreased variability seen in these
studies. This is a feasible hypothesis as a couple of studies have demonstrated that a
subset of the population functions and even exceeds their available ROM (Engsberg,
1996; Youberg, et al., 2005). Therefore, understanding the role between functioning near
end range and coupling variability may provide insight as to why some individuals
demonstrate decreased variability and what role this has in the development of AKP.

8. Statement of the Problem
It is widely accepted that “excessive” and/or “delayed” STJ pronation is a risk factor
for the development of AKP because of its influence on TIR. Orthotic studies have
supported this belief, reporting significant reduction in pain and improvements in
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function. However, epidemiological and biomechanical studies have failed to
consistently demonstrate any differences in pronation related variables in those with
AKP. One potential reason for this discrepancy may be in the way subjects were grouped
and how “excessive” pronation is assessed.
Generally subjects are grouped based on static and dynamic measures of pronation
without reference to the amount of motion available. However, as theorized above, the
influence of pronation on TIR may be directly related to where the AJC and the talocrural
joint are functioning relative to the ROM boundary. Therefore the goals of these studies
were to: 1) determine if injured runners utilize a greater percentage of their available
ROM, 2) evaluate the effects that functioning near end range have on lower extremity
coordination, and 3) evaluate if orthotics can maintain a runner from their ROM
boundary and influence coordination.

9. Significance of the Studies
Traditionally, studies focusing on the influence of pronation on the development
of overuse injuries have concentrated on peak values. To date, few studies have
referenced these peak values to the available ROM and none have investigated what
effects this may have on tibial and lower extremity kinematics. There is evidence that a
subset of the population utilizes and even exceeds the motion available at the AJC when
walking and running. In these individuals, it is theorized that pronation will have a
greater influence on TIR and as a result have a greater influence on the mechanics and
coordination of the lower extremity. Therefore, it may prove useful on several fronts to
relate the dynamic motion of the AJC to its available ROM. First, understanding how
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AJC motion is transferred to the tibia when it is functioning near end range may improve
our understanding of how pronation could lead to overuse injuries such as AKP.
Secondly, the effects of functioning near end range on lower extremity coordination,
particularly coordinative variability is of interest and may provide insight into why a
decrease in variability is seen in those experiencing AKP. Lastly, evaluating the ability
of orthotics to control AJC motion in those functioning at or near end range may broaden
our understanding into which subjects may benefit most from an orthotic intervention.

10. Assumptions
1. Subjects recruited for this study will represent the general running population
2. The ROM of the STJ and talocrual joint will be accurately captured using the
ROM device
3. The STJ axis will be similar across groups
4. The motion capture system will accurately capture the position of the segments of
the lower extremity.
5. The amount of skin artifact or movement will be consistent across subjects and
across conditions.
6. The mechanics that contributed to the development of AKP will still be present at
the time of data collection.

11. Hypotheses/Proposed Studies
Hypotheses related to pronation related variables in those utilizing the greatest percentage
of their available motion
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a) No differences in touchdown angle, peak eversion, peak eversion velocity,
and total frontal plane ROM will be noted between subjects utilizing different
percentages of their available motion. At first this is counterintuitive but can
be explained because of the large variation in the passive ROM seen between
individuals. It is very possible that a runner with 5° of dynamic eversion will
be utilizing all of his available motion while another runner with 10° of
dynamic eversion will be functioning within their available ROM because of
their passive ROM. While no difference are expected with the traditional
variables above, it is expected that those utilizing the greatest percentage of
their passive ROM will demonstrate significantly more peak TIR and
transverse plane TIR ROM. It is believed that because the motion of the
talocrual joint will be exhausted that each degree of eversion will cause the
tibia to internally rotate more.
b) Runners with AKP will utilize a greater percentage of their available motion
compared to healthy runners. Hypothetically, if motion at the talocrual joint
has been taken up, pronation will be more likely to influence TIR, in turn
affect the mechanics of the knee, resulting in injury.

Between Group Comparisons
H1:

No significant differences will be discovered in the
H1.1. touchdown angle
H1.2. peak eversion angle
H1.3. AJC frontal plane ROM
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H1.4. peak eversion velocity
H2: Runners utilizing a greater percentage of their available ROM will have
significantly more
H2.1. peak TIR
H2.2. transverse plane tibial ROM
H3:

The near end range group will have a significantly greater number of
subjects experiencing AKP.

Hypotheses related to the coupling between the AJC and tibia in those utilizing the
greatest percentage of their available motion.
a) Ankle joint complex pronation is hypothesized to influence the transverse plane
motion of the tibia when functioning closer to end range. Several methods have
been utilized to capture this relationship. The most basic method has been to
examine the relative timing between peak AJC pronation and peak TIR (Levinger
& Gilleard, 2007; McClay & Manal, 1997; Powers, et al., 2002; Reischl, et al.,
1999). It is expected that if AJC pronation induces TIR, that these events would
occur at the same time during stance. Therefore it is expected that those who
function near end range will have more synchronous timing between peak AJC
pronation and peak TIR.
b) A second method that has been used to analyze this relationship is the eversion to
TIR ratio (EV/TIR) (McClay & Manal, 1997; Nawoczenski, et al., 1998; Nigg, et
al., 1993). This measure has been used to represent the amount of TIR that is
induced for every degree of eversion. However, if some motion is present at the
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talocrural joint, eversion may not necessarily induce TIR and therefore this
measure would provide an imprecise estimate of this relationship. However, in
those functioning near end range eversion would have a greater influence on TIR.
Therefore it is expected that those utilizing a greater percentage of their available
motion will demonstrate smaller EV/TIR ratios because they will induce more
TIR for every degree of eversion.
c) One limitation of the EV/TIR ratio is that it draws inferences about this
relationship using discrete points and provides no insight into how this
relationship changes during stance. It is expected that as someone takes up the
motion at the talocrural joint that this relationship will change. Therefore, the
EV/TIR ratio will also be calculated between each normalized time point during
stance. It is hypothesized that 1) it will change significantly during the loading
phase of stance and 2) it will become significantly lower as someone exhausts
their available ROM.
d) One last method that has been used to analyze the coordination between segments
and joints is a vector coding technique based in dynamical systems. Using this
technique, Heiderscheit et al. (2000) discovered less coupling variability in those
experiencing AKP. A conceivable reason why these subjects had less variability is
that their joints were functioning near end range, limiting the flexibility of
segments to move. Therefore, it is hypothesized that those utilizing the greatest
percentage of available motion will have less coordinative variability.
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Between Group Comparisons
H4: Subjects utilizing a greater percentage of their available motion will have
significantly:
H4.1. more synchronous timing between peak eversion and TIR
H4.2 lower peak EV/TIR ratios
H4.3 less coupling variability

Within Group Comparisons
H5: Subjects utilizing the smallest percentage of their available motion will
demonstrate consistent EV/TIR ratios through the loading phase of stance.

Hypothesis related to the effects of orthotics on pronation related variables and coupling
variability in those utilizing the greatest percentage of their available ROM.
a) Orthotics are commonly prescribed to runners with AKP on the basis that they
will control AJC pronation and improve lower extremity posture. Studies
focusing on pain and function support their use, indicating that over 70% of
subjects will report some improvement (Amell, et al., 2000; Eng & Pierrynowski,
1993; Saxena & Haddad, 2003). However, the mechanism in which they bring
about these changes is still debatable as studies have not consistently found them
to alter the mechanics of the lower extremity (MacLean, et al., 2006; Williams, et
al., 2003). One potential reason for the discrepancy is the way in which subjects
are classified. Typically, subjects are classified based on static and dynamic
measures of pronation without any reference to the available ROM. In the case of
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AKP, if the AJC has a greater influence on tibial motion when functioning near
end range, it may be best to look at the influence of orthotics in those utilizing the
greatest percentage of their available motion. Therefore, it is hypothesized that
significant changes in pronation related variables will be seen in those utilizing
the greatest percentage of their available motion. Conversely, no differences in
pronation related variables are expected in those utilizing the smallest percentage
of their available motion.
b)

Heiderscheit et al. (2000) reported that runners with AKP had less coupling
variability compared to their healthy counterparts. However, more surprisingly
these authors found that the variability increased when a patellar taping technique
was employed to improve the position of the patella. Theoretically, if the
reduction in coupling variability was a result of the joint functioning near end
range. It’s possible that the patella taping technique kept this joint from end
range, allowing its segments to move more freely and in turn increased the
coordinative variability seen. Similarly, if reductions in coupling variability are
seen in those utilizing the greatest percentage of their available motion, then
orthotics may also result in an increase in variability when maintaining the joint
from end range.

Between Conditions Comparisons (Orthotic vs. No Orthotic)
H6:

When wearing orthotics, subjects utilizing the greatest percentage of their
available ROM will have significantly
H9.1. reduced eversion at touchdown
H6.2. reduced peak eversion
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H6.3. reduced AJC ROM
H6.4. reduced peak TIR
H6.5. reduced transverse plane tibial ROM
H6.6. more coupling variability

12. Summary
Subtalar joint pronation has often been implicated as a risk factor in the
development of AKP because of its influence on TIR. Its ability to influence TIR is
based on the premise that little to no transverse plane motion occurs within the talocrural
joint. However, there is a sufficient amount of evidence that transverse plane motion is
in fact present at this joint and therefore STJ pronation may only induce TIR when the
motion at the talocrural joint has been exhausted. For this reason, it is necessary to
understand where the AJC is functioning relative to its available ROM. Understanding
this relationship may shed some insight into how AJC motion is coupled with TIR, how
excessive pronation may be related to the development of AKP , the mechanism in which
orthotics decrease pain and improve function and lastly why reduced coordinative
variability is seen in runners with AKP.
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CHAPTER II
LITERATURE REVIEW
1. Intro duction
Running is a popular form of exercise used by many North Americans to improve
their health and well being (Kesaniemi, et al., 2001). However, with all the benefits also
comes the increased risk of musculoskeletal injury. It is estimated that 30 - 46% of
runners are likely to sustain an injury within any calendar year (McKean, Manson, &
Stanish, 2006; Taunton, et al., 2003). Of these injuries, the knee is the most frequently
injured region, accounting for approximately 20-46 % of all injuries, with anterior knee
pain (AKP) being the most common diagnosis (Clement, 1981; Macintyre, et al., 1991;
McKean, et al., 2006; Taunton, et al., 2003).
One of the most implicated risk factors in the development of AKP is “excessive”
and/or “delayed” subtalar joint (SJT) pronation (Buchbinder, Napora, & Biggs, 1979;
Clement, 1981; Tiberio, 1987). Theoretically, STJ pronation is thought to affect the
mechanics of the knee via its influence on tibial internal rotation (TIR). In the end, these
alterations are believed to contribute to the development of AKP. This review of the
literature will first present, in more detail, the theoretical construct that has linked
pronation with AKP and review the scientific studies that have evaluated the validity of
this theoretical construct. Secondly, the methods used to capture the coupling between
the foot and tibia will be reviewed and their findings summarized. Finally, the efficacy
of orthotics in the treatment of AKP will be reviewed.
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2. Anterior Knee Pain
Anterior knee pain is characterized by a diffuse ache surrounding the anterior
aspect of the knee with occasional sharp twinges (Fulkerson, 2002; Fulkerson & Shea,
1990). Initially, AKP was thought to originate exclusively from the patellofemoral joint
as a result of cartilage loss and subchondral bone irritation (Insall, Falvo, & Wise, 1976).
However, arthroscopic techniques have shown that a large percentage of patients with
pain in this region have no signs of articular cartilage damage (Leslie & Bentley, 1978).
Thus, today pain is thought to not only originate from the patellofemoral joint but also its
surrounding structures such as the retinaculum and synovium (Fulkerson, 1983;
Fulkerson, Tennant, Jaivin, & Grunnet, 1985).
Pain is typically exacerbated by activities that place stress on this region such as
squatting, kneeling, stair climbing and prolonged sitting (Fulkerson, 2002; Fulkerson &
Shea, 1990). Regardless of the source of pain, abnormal patellofemoral mechanics is the
most commonly hypothesized etiology. Under normal circumstances, the patella sits
centrally in the femoral groove through flexion and extension. This places relatively
equal pressure and force on both the lateral and medial facets (Lee, Morris, & Csintalan,
2003; Norkin & Levangie, 1992). However under a number of circumstances, these
mechanics are altered (Figure 2.1) leading to unequal loading of the facets, decreased
contact area, and increased peak pressure (Huberti & Hayes, 1984; Lee, Anzel, Bennett,
Pang, & Kim, 1994; Lee, Yang, Sandusky, & McMahon, 2001; C. M. Powers, Ward,
Fredericson, Guillet, & Shellock, 2003). Additionally, increased stress is placed on the
surrounding soft tissue responsible for maintaining the patella centrally located (Lee, et
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al., 2001). In the end these altered mechanics are hypothesized to injure the cartilage and
surrounding soft tissue.

Figure 2.1. Abnormal tibiofemoral arthrokinematics can result in abnormal patellofemoral
arthrokinematics. In this example excessive femoral internal rotation has caused the patella to track
laterally. These altered kinematics will place increased stress and strain on the surrounding soft tissue in
addition to reducing the contact area and increasing the contact pressure on the lateral facet of the
patellofemoral joint.
Note. From “Patellofemoral Kinematics During Weight-Bearing and Non-Weight-Bearing Knee Extension
in Persons with Lateral Subluxation of the Patella: A Prliminary Study, “by C.M. Powers, S.R. Ward, M.
Fredericson, M.Guillet, F.G.Shellock ,2003, Journal of Orthopedic and Sports Physical Therapy, 33, p. 680.
Copyright 2003 The Orthopedic and Sports Physical Therapy Sections of the American Association of
Physical Therapy. Reprinted with permission of publisher.

Several biomechanical and anatomical factors have been purported to alter the
mechanics of the patellofemoral joint. Some factors are inherited such as anteverted hip
or trochlear dysplasia, while others are acquired such as weakness in specific muscle
groups or a lack of flexibility (Fulkerson & Arendt, 2000; Tecklenburg, Dejour, Hoser, &
Fink, 2006). One of the most common biomechanical factors purported to increase an
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individuals risk for developing AKP is “excessive” and/or “delayed” STJ pronation
(Buchbinder, et al., 1979; Tiberio, 1987).

3. Subtalar Joint Pronatio n and Anterior Knee Pain
When the calcaneus is free to move, STJ pronation consists of the calcaneus
everting, abducting and dorsiflexing relative to the talus. However, in situations when
movement of the calcaneus is limited, the talus is thought to move relative to the
calcaneus in the sagittal and transverse planes. For example, during stance, pronation
consists of the calcaneus everting and the talus adducting and plantarflexing. Ultimately,
the STJ is in an identical position; however attained with different segments moving.
This is an important distinction because the talus is generally thought to be tightly
positioned in the mortise formed by the tibia and fibula. As a result, transverse plane
motion of the talus is believed to induce transverse plane rotation of the lower leg and
therefore influence knee motion (Figure 2.2).
Alterations in the quantity and timing of STJ pronation have been frequently
implicated as a risk factor for developing AKP because of its proposed effect on TIR.
The quantity and timing of TIR is of particular importance to the mechanics of the knee
during gait because, it is obligated to internally rotate with flexion, and externally rotate
with extension. This obligatory rotation has been termed the “screw home mechanism”
and is a result of both the joint’s bony and ligamentous anatomy. For instance, during
the stance phase of running, the foot lands in a slightly supinated position and the knee in
a small amount of flexion. Through early stance, the foot pronates causing the tibia, and
in turn the knee, to internally rotate as the knee flexes. At approximately midstance the
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foot begins to supinate, causing the tibia and the knee to externally rotate allowing the
knee to extend at push-off. It is widely believed that when the coordination between the
STJ and knee is disrupted, the probability of an injury occurring increases.

Figure 2.2. Closed chain pronation consists of the calcaneus everting and the talus adducting and
plantarflexing. As a consequence of the congruent talocrural joint the adducting talus is hypothesized to
result in TIR.
Note. From “The Effect of Excessive Subtalar Joint Pronation on Patellofemoral Mechanics: A Theoretical
Model, “by D. Tiberio,1987, Journal of Orthopedic and Sports Physical Therapy, 9, p. 162. Copyright
1987 The Orthopedic and Sports Physical Therapy Sections of the American Association of Physical
Therapy. Reprinted with permission of publisher

In the presence of excessive and/or prolonged pronation, the tibia and knee would
also be excessively internally rotated at push off disrupting the “screw home
mechanism”. Tiberio (1987) hypothesized that the “screw home mechanism” could be
maintained in the presence of “excessive” or “delayed” pronation if the femur
compensated by internally rotating relative to the tibia. This would result in knee
external rotation thus maintaining the “screw home mechanism”. However, the
additional femoral internal rotation would sacrifice the mechanics of the patellofemoral
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joint by decreasing the contact area and increasing the pressure exerted on the cartilage
(Figure 2.1). Overtime these altered mechanics would lead to injury. This theoretical
biomechanical injury model has been the foundation of several non-surgical treatments of
AKP, including the prescription of orthotics.

4. Ankle Joint Complex
The majority of biomechanical studies investigating the relationship of STJ
pronation and altered knee mechanics have done so using skin mounted retroreflective
markers. These studies have tracked the motion of the STJ using markers placed on the
tibia and calcaneus, bypassing the talus which has few accessible landmarks. Therefore,
this marker set captures the motion of both the talocrural and STJ and for that reason will
be referred to as the ankle joint complex (AJC).
In order to best understand the movements being captured using this marker set,
its component joints must first be understood. The talocural or ankle joint is the
articulation between the talus and the mortise formed by the tibia and fibula. Motion in
this joint has been typically thought to occur about an axis inclined approximately 10° in
the frontal plane and rotated laterally 20° to 30° in the transverse plane. Visually this axis
can be imagined as an axis running through the lateral malleolus and exiting just distal to
the medial malleolus (Lundberg, Svensson, Nemeth, & Selvik, 1989; Norkin & Levangie,
1992). With this axis orientation, a majority of the motion occurs in the sagittal plane;
however motion also occurs in the other cardinal planes. For example, dorsiflexion is
accompanied with eversion and external rotation. Conversely, plantarflexion is
accompanied with inversion and internal rotation.
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Classically the talus has been considered to sit snugly in the mortise and therefore
motion would only occur about this single axis. In other words, the talus was believed to
not move independently in the frontal and transverse plane within the mortise. However,
numerous studies have brought this into question by demonstrating that the talus in fact
rotates within the mortise. Lundberg et al.(1989) using roentgen stereophotogrammety
reported up to 16° of transverse plane motion at the talocrural joint in 8 healthy
individuals. This was supported by Rassmussen et al.(1982) who reported an average 7°
of talar internal rotation, 10° of talar external rotation and 5° of talar tilt in 12 cadavers
with intact ankles. Expectedly, these authors also demonstrated that motion significantly
increased in all planes when the surrounding ligaments were selectively sectioned.
Likewise, McCullough et al.(1980) reported up to 24° of transverse plane rotation in
intact cadaver specimens, with significant increases when ligaments were selectively
sectioned. Lastly, dynamic studies utilizing bone pins have reported an average 12.2° of
frontal plane motion and 8.7° of transverse plane motion at the talocrural joint during
slow running and 5.3° of frontal plane motion and 4.6° during walking (Arndt, Westblad,
Winson, Hashimoto, & Lundberg, 2004; Arndt, et al., 2007).
The second joint that makes up the AJC is the STJ which is formed by the talus
and the calcaneus. Motion at this joint occurs about an axis which on average lies 42°
(range 29° - 47° ) in the sagittal plane and 16° (range 8° - 24°) in the transverse plane
(Manter, 1941)(Figure 2.3). Consequently, motion at this joint also occurs in three planes,
with a majority of motion occurring in the frontal and transverse planes. However,
because of the high inter-subject variability in the orientation of this axis, the quantity of
motion occurring in each plane is subject dependent. Theoretically if the axis was
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positioned at 45° in the sagittal plane, one degree of eversion would result in
approximately one degree of abduction. If the axis is a more horizontal position, this
ratio is altered, and one degree of eversion will result in less than one degree of
abduction. Similarly, if the axis was in a more vertical position, one degree of eversion
would result in more than one degree of abduction.
The orientation of the STJ axis has received a lot of attention, particularly
regarding its effects on TIR. It has been hypothesized that individuals with more
vertically inclined axes have more transverse tibia motion as a result of the increased
transverse plane motion of the talus. Conversely those with less inclined axes would
have more rearfoot motion and less TIR (Manter, 1941; Nawoczenski, Saltzman, &
Cook, 1998). This relationship has been of particular interest when exploring the
relationship between foot motion and posture on overuse lower extremity injuries.
In summary, both joints have axes that are not aligned with the cardinal planes of
the body. As a result, both joints will contribute to the tri-planar movements of the AJC.
However, as a result of the orientation of the STJ axis a greater percentage of the frontal
and transverse plane motion witnessed is thought to come from the STJ, and conversely a
greater percentage of the sagittal plane motion from the talocrural joint. This has led
many to associate that the frontal plane motion captured using superficial markers to the
STJ. Nevertheless, this assumption is potentially flawed, particularly if frontal and
transverse plane motion occurs within the talocrural joint. In fact, several studies that
have been able to track the position of the talus using bone pins have demonstrated
relatively equal amounts of STJ and talocrural frontal and transverse plane motion
(Arndt, et al., 2004; Arndt, et al., 2007). This may be of particular importance, especially
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when attempting to understand how AJC pronation influences the mechanics of the lower
extremity and its role in the development of overuse injuries.

Figure 2.3. Although highly variable among individuals, the average STJ axis is thought to lie 42° in the
sagittal plane and 16° in the transverse plane.
Note. From “Movements of the Subtalar and Transverse Tarsal Joints, “by J. T. Manter, 1941, The
Anatomical Record, 80, p. 401.Copyright 1941 The Anatomical Record. Reprinted with permission of
publisher.

5. Prospective Studies
Several studies have prospectively explored the association between AJC
pronation and the development of knee pain. Hetsroni et al. (2006) evaluated the
relationship between AKP and foot pronation in 405 military recruits. Prior to entering
basic training, these recruits had their static pronation angle measured. Unlike other
prospective studies, dynamic pronation related variables were also calculated while
walking barefoot using a two dimensional motion capture system. These variables
included maximum AJC pronation, pronation ROM, mean pronation velocity and time to
maximum pronation. Over four months of training 15% of recruits were diagnosed by a
single physician with non-traumatic AKP. However, more importantly, no significant
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association was found between any pronation related variable and the development of
AKP.
Kaufman et al.(1999) analyzed the association between foot structure and range of
motion (ROM) on the development of overuse injuries in 423 naval Sea Air and Land
(SEAL) trainees. Foot posture was determined by calculating the arch index both
statically and dynamically. Statically, the height of the navicular tuberostiy was scaled to
the truncated foot length. Dynamically, the arch index was calculated using a pressure
mat. Ankle joint complex sagittal and frontal plane ROMs were measured using a hand
held goniometer. During training, 33.2 % suffered an overuse injury, with 9.4 % of these
being diagnosed as AKP. Nonetheless no association was found between AKP and AJC
ROM, dynamic and static foot posture.
Lun et al.(2004) examined the relationship between static measurements of lower
limb alignment and ROM on the development of overuse injuries in 87 recreational
runners. Measurements included passive AJC dorsiflexion ROM, passive AJC
plantarflexion ROM, rearfoot valgus and forefoot valgus. These authors also classified
the static rearfoot posture in standing as neutral, mildly, moderately or severely pronated.
Additionally, the medial longitudinal arch was classifies as pes cavus, pes planus or
neutral. After 6 months, the most frequently diagnosed injury was AKP (17%) however
no static foot measurement was associated with an increased risk of injury.
Walter et al.(1989) followed 1000 recreational runners as they trained for a road
race. Upon enrollment, subject’s had their rearfoot valgus and pes planus/cavus
evaluated and followed for a year. Similar to the military studies, these authors found
that the knee was the most commonly injured region (27%) and likewise found no
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association between foot variables and the development of an injury. However a
weakness of this study was that details regarding the measurement taken were not
disclosed.
In summary, prospective studies provide evidence that knee injuries, specifically
AKP, are common in runners and military recruits. Nonetheless, the risks of developing
these injuries were not associated with foot posture, AJC ROM or dynamic foot function.
Although these prospective studies are invaluable in determining a cause and effect
relationship between select variables and AKP, they still present limitations. First,
several of these studies utilize static measures and assume that these will reflect how the
foot will function dynamically. However, several reports have indicated that static
measures may not capture how the foot functions dynamically (Basmajian & Stecko,
1963; Hamill, Bates, Knutzen, & Kirkpatrick, 1989; Rodrigues, TenBroek, Tomasko, &
Hamill, 2008). Secondly, many of these static measures despite being commonly used
are not reliable, particularly when taken by numerous clinicians which are common in
large scale prospective studies. Lastly, the one prospective study that captured dynamic
foot motion did so in two dimensions which has is susceptible to inaccurate joint angle
calculations as a result of out of plane motion (Areblad, Nigg, Ekstrand, Olsson, &
Ekstrom, 1990).

6. Retrospective Studies
Retrospectively, Powers et al. (1995) reported a significant difference in the
rearfoot posture of subjects with AKP. Using 30 female subjects, 15 of which had AKP,
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they found those with AKP had more rearfoot varus in the subtalar neutral position. This
led authors to conclude that rearfoot varus could contribute to the development of AKP.
Using a combination of static and dynamic measures, Messier et al.(1991)
evaluated the running mechanics of 36 individuals, 20 of which were healthy and 16
experiencing AKP. All subjects had their arch index calculated from an inked footprint
and sagittal plane ankle ROM evaluated with a goniometer. Subjects also underwent a
two dimensional frontal plane rearfoot biomechanical assessment while running at a selfselected training pace. Biomechanical variables of interest included standing AJC
eversion angle, touchdown angle, peak AJC eversion, time to peak AJC eversion, total
AJC ROM and peak AJC velocity. These authors found than no significant difference
across all variables between the injured and non-injured groups.
Similarly, Duffey et al.(2000) evaluated 169 competitive runners who ran a
minimum 10 miles per week over a year’s time. Seventy of these subjects were able to
maintain this training load without sustaining an injury, while 99 of these runners had
signs and symptoms consistent with AKP. Likewise, these authors calculated the arch
index using an inked foot print and collected two dimensional dynamic AJC frontal plane
motion while subjects ran at a self-selected pace. In line with Messier et al. (1991), these
authors found no difference in touchdown angle, peak AJC eversion, total AJC ROM and
peak AJC velocity. Conversely, they found that subjects with AKP presented with a
smaller arch index or higher arches and demonstrated significantly less AJC eversion
during the first 10% of stance.
Although valuable, the dynamic measures taken in the previous two studies were
captured in 2-D, which is subject to inaccurate joint angle calculations as a result of out
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of plane motion (Areblad, et al., 1990). Unlike the previous two reports, Powers et al.
(2002) collected three dimensional lower extremity kinematic data on 42 subjects, 24 of
which suffered from AKP. Foot, tibia and femur segment angles were captured as
subjects walked at a self-selected pace. In accordance with previous studies, no
differences in peak foot eversion and TIR were noted between groups. Likewise,
Levinger et al.(2007) examined the three dimensional walking kinematics of 27 subjects,
13 of which had AKP. Similarly, they found no difference in peak AJC eversion, and
peak TIR.
In summary, retrospective studies, for the most part are in accordance with
prospective studies, finding no association between AKP and static foot measurements.
The one exception was Power et al. (1995) who, unlike the other authors, evaluated the
foot in the STJ neutral position which perhaps provides more insight into the bony
anatomy of the foot. Dynamically, none of the studies found any difference in AJC
touchdown angle, peak AJC eversion, total AJC ROM and AJC velocity. Nevertheless,
Duffey et al. (2000) found differences during the first 10% of stance where he found
subject with AKP had less eversion. Additionally, they found subjects with AKP
demonstrated a lower static arch index which is indicative of a supinated or pes cavus
foot.

7. Coordination of the AJC and Tibia
One of the theoretical constructs that has linked “excessive” foot pronation to
AKP is founded on the premise that altered coordination and timing between the knee
and foot result in compensations that lead to an injury. A multitude of techniques have
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been used to analyze this relationship, a majority of which have looked at these segments
and joints at discrete points in time.
For instance, Powers et al. (2002) evaluated the timing between peak foot
eversion and peak TIR in 42 female subjects, 24 of which were diagnosed with AKP. As
expected, they found that on average peak foot eversion and peak TIR occurred at
approximately the same time while walking (14 & 11% of stance). However, no
differences were found between the healthy subjects and those with AKP. In contrary,
Levinger et al. (2007) found that peak TIR and eversion did not occur at the same time
during stance. These authors, on average, found that peak TIR occurred significantly
earlier than peak AJC eversion (16% vs. 39%). More importantly they found that peak
AJC eversion occurred significantly later in the stance in subjects experiencing AKP
(39% vs. 46%).
The timing between these joints/segments has also been evaluated in healthy
individuals demonstrating varying degrees of pronation. McClay et al. (1997) compared
the timing of the AJC and the TIR in five individuals whose AJC everted more than 18°
(pronators) compared to five who pronated less than 15° (normal) when running. They
discovered that the timing between AJC eversion, TIR and knee flexion was more closely
matched in normal subjects; however, because of the limited sample size, these results
did not reach significance. On the other hand, Reischl et al. (1999) evaluated the timing
of foot pronation and TIR in 30 subjects with “varying foot types” during walking. Using
linear regression, they found that the timing of peak foot eversion was not predictive of
the timing of TIR.
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An alternative measure that has been used to capture the coupling between the
AJC and the tibia has been the eversion to TIR ratio (EV/TIR). Consequently, many
have attempted to capture the orientation of the STJ axis using this ratio. For instance,
those with pronated feet are assumed to have more horizontally inclined axes and
therefore present with relatively more AJC eversion than TIR, resulting in a larger ratio.
On the contrary those with supinated feet would present with relatively less eversion and
more TIR resulting in a smaller ratio.
Nawoczenski et al. (1998) examined this relationship between foot type and the
EV/TIR ratio in a group of recreational runners. The authors first categorized subjects
into “high” (HA) and “low” (LA) arch groups using radiographic measurements. These
radiographic measures included the lateral calcaneal inclination, lateral talometatarsal and
AP talometatarsal angles. Transfer ratios were calculated two ways; the first used the
total ROM values, which were derived by taking difference of opposing joint angles (i.e.
peak inversion + peak eversion) and the second method used the ROM values from
touchdown to peak eversion and TIR. As theorized, the low rearfoot group demonstrated
a larger ratio using both techniques, indicating these runners had relatively more AJC
frontal plane motion than TIR ( Method 1: LA 1.5 vs. HA 0.9, Method 2 LA 1.8 vs. HA
1.1).
Similarly, Nigg et al.(1993) investigated the EV/TIR ratio in runners with high
and low arches. Likewise, they found that arch height was correlated with the EV/TIR
ratio, with low-arched runners demonstrating a larger EV/TIR ratio. Although there was
a significant correlation, a linear regression demonstrated that arch height could only
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explain 27% of the variance seen; leading the authors to conclude that other factors also
influenced this ratio.
Unlike previous authors, McClay et al.(1997) studied the EV/TIR ratio in runners
demonstrating both normal and excessive amounts of dynamic AJC pronation. As stated
above, those demonstrating more than 18° of dynamic AJC eversion were classified as
pronators and those demonstrating less than 15° as normals. Contrary to the findings of
previous authors, they found the pronator group to have significantly smaller EV/TIR
ratios, indicating greater amounts of TIR relative to eversion (1.23 vs. 1.53).
In summary, there appears to be a lack of agreement in the literature regarding the
exact timing and coupling of AJC eversion and TIR in both subjects who are injured
and/or “excessively” pronate. There are a couple potential reasons for these
discrepancies. First, there is significant variation in the definition of segments and joints
across studies. For example, both Powers et al. (2002) and Reischl et al. (1999) tracked
the movement of the entire foot not just the AJC and therefore captured movement of the
mid- and forefoot. Lastly, no study has directly tracked the motion of the talus, and,
therefore, the motion in the talocrural joint was not measured. This is of particular
importance because if significant transverse plane motion was present, it would have to
be first taken up before a pronation would influence TIR and a true coupling ratio
calculated. It is possible that the studies which found that the timing of eversion and TIR
coincided used subjects with more congruent talocrural joints.
Furthermore, all the studies described above looked at the relationship between
these two segments at discrete time points, assuming that the coupling behavior would
not change during stance. In other words, one degree of eversion should result in one
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degree of TIR regardless of where the joints position; therefore, this ratio would be the
same at heel strike as at mid-stance. However, Stacoff et al. (2000), using bone pins,
demonstrated that the coupling between the AJC and tibia is in fact not consistent
through stance (Figure 2.4.). This brings two questions to the table: 1) is the true
coupling behavior between the AJC and the tibia captured using data from discrete time
points; and 2) why is this coupling ratio not consistent through stance if no motion is
hypothetically present at the talocrural joint?
In the end, there appears to be a lack of agreement in the literature whether the
quantity and timing of foot pronation influences the kinematics of the tibia and if it is
associated with AKP. The discrepancies between studies are partially a result of
methodological differences. Nevertheless, one of the biggest assumptions made by all
these studies is that no motion is present at the talocrural joint. Since transverse plane
motion has been shown to occur at the talocrural joint, the adducting talus would have to
reach end range to engage the mortise and influence the rotation of the tibia.
Theoretically, this could be a reason why changes in the EV/TIR ratio are seen during the
loading phase of stance. Traditional methods of calculating the EV/TIR ratio however
lack the sensitivity to capture these changes because discrete variables are used. It is my
opinion that the coupling between the AJC and the tibia is best evaluated using
techniques that look at this relationship continuously through stance. Furthermore, if the
play in the talocrural joint must be taken up prior to inducing TIR, understanding where
the AJC is functioning relative to its ROM boundaries may provide some insight into
when these changes in the coupling ratio occur.
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Figure 2.4. The EV/TIR ratios can be appreciated through the entire stance phase by visualizing a tangent
on the angle-angle graphs above. Using this technique it is possible to see that the EV-TIR ratio changes
through the stance phase, particularly in subjects 1-4.
Note. From “Movement Coupling at the Ankle During the Stance Phase of Running,” by Stacoff, B. Nigg,
Reinschmidt, A.J.van den Bogert, A. Lundberg, E. Stussi, J. Denoth, 2000, Foot and Ankle International,
21, p. 237. Copyright 2000 by the American Orthopaedic Foot and Ankle Society. Adapted with permission
of the publisher.

8. Measuring the ROM of the AJC
To effectively analyze where a joint is functioning relative to its available range,
its ROM must first be reliably measured. Historically, various techniques have been
utilized to measure the passive ROM of the AJC. In clinical settings, the joint is
manually brought to end range and the angle measured using a hand held goniometer.
Although this method is convenient, it is unreliable, particularly across sessions and
clinicians. This is likely due to inconsistencies in hand positions, joint positions, methods
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and the applied loads (Bohannon, Tiberio, & Zito, 1989; Gajdosik & Bohannon, 1987).
In order to improve the reliability of these measurements, investigators have built devices
to consistently reproduce the joint’s position in all planes and apply standardized loads.
Allinger et al.(1993) measured the AJC’s active ROM using a device with 6
degrees of freedom, allowing the joint to rotate and translate in 3 planes while
maintaining a 100 Newton vertical load (Figure 2.5). Additionally, it had the capability
of locking one or two planes of rotation, therefore allowing rotation in just one plane. In
combination with a 4 camera motion capture system; these authors were able to reliably
measure the active AJC ROM to within 3° (Table 2.1).
Table 2.1
Standard deviation across ROM trials collect on the same day.
Motion
Standard Deviation
Dorsiflexion
2.5°
Plantarflexion
0.7°
Eversion
2.4°
Inversion
2.6°
Abduction
1.1°

Using the same device, Nigg et al.(1995) reliably measured the passive ROM of
the AJC. Using a 10 N/m torque, they reported measuring passive AJC inversion ROM
to within 1°. However, this level of repeatability was only observed after 7 repetitions
and was attributed to the creep in the surrounding soft tissue. This level of repeatability
was also reported for other motions, however were not explicitly reported because the
focus of this paper was on inversion. One limitation of this study is that 10N/m of torque
was applied regardless of the device’s position or the amount of motion it had gone
through. It is expected that as the foot carriage moves away from its neutral or vertical
position, it will also apply a torque about the axis of rotation. Therefore the resistance
felt in each position is not only a result of the soft tissue but also the weight of the foot
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carriage. Because these authors did not account for the weight of the carriage, the 10
N/m torque was not completely generated from soft tissue. As a result, these authors
reported passive ROM values that were less than active ROM values. If one is interested
in determining the passive ROM of the joint itself, the torque generated from the weight
and position of the foot carriage must be accounted for.
Siegler et al. (1996) also demonstrated that passive ROM can be reliably
measured using a device. Similarly, their device has six degrees of freedom; however
unlike the previous device, it measured AJC ROM in an unloaded position with subjects
in supine (Figure 2.6). Additionally, angular measurements were captured using
potentiometers instead of a motion capture system. Passive motion was measured by
applying a 9N/m torque along an axis. This torque was chosen because greater torque
was reported to be intolerable. Using 13 healthy adults, the authors found motion could
be reliably measured, reporting ICC values of 0.94 in the frontal plane, 0.9 in the
transverse plane and 0.85 in the sagittal plane.

Figure 2.5. Device utilized by Allinger et al. (1993), Engsberg et al. (1996) and Nigg et al. (1995) to
measure both active and passive ROM. This device had six degrees of freedom allowing rotation and
translation in all three planes.
Note. From “A Method to Determine the ROM of the Ankle Joint Complex, In Vivo,” by T.L. Allinger,
J.R. Engsberg, 1993, Journal of Biomechanics, 26, p. 70. Copyright 1992 by the Pergamon Press Ltd.
Reprinted with permission of publisher.
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In summary, these studies provide evidence that the passive ROM of the AJC can
be reliably measured. Studies focusing on passive ROM used torques of 9 N/m and 10
N/m of torque to move the AJC; however, one study did not factor in the torque
necessary to move the foot platform against gravity. Future studies interested in placing
a consistent load on the joint itself should take into account the torque imposed by the
device in all positions. Lastly, although both potentiometer and camera based methods
have been shown to be reliable, using a motion capture system is the method of choice
because both dynamic and passive joint angles can be calculated in a consistent fashion
and therefore removing a potential source of error.

Figure 2.6. Device used by Siegler et al. (1996) to measure the passive ROM of the AJC.
Note. From “A Six-Degree-Of-Freedom Instrumented Linkage for Measuring the Flexibility Characteristics
of the Ankle Joint Complex,” by S.Siegler, S. Lapointe, R. Nobilini, A.T.Berman 1996, Journal of
Biomechanics, 29, p. 945. Copyright 1996 by the Elsevier Science Ltd. Reprinted with permission of
publisher.

45

9. Dynamic ROM Relative to Available ROM
Traditionally biomechanical studies have focused on peak angular displacements
without reference to the joint’s available ROM. As a result one could hypothetically
have a scenario where two “neutral” runners demonstrating 5° of eversion could be using
a different percentage of their available motion. For example, if one runner only had 5°
of passive eversion ROM, they would be using up all of their available motion and from
the surrounding soft tissues standpoint, overpronating. On the other hand the runner with
10° of passive eversion maintains a 5° buffer and from the surrounding soft tissues view
point neutral. This would be analogous to asking “Is driving 65 mph fast”? A good
number of people would likely ask what the speed limit was, because 65 mph is not fast
on a highway, but extremely fast on a back road. The point is that it depends where you
are driving. Similarly, knowing the AJC’s ROM is analogous to knowing the speed limit.
Currently, two studies have looked at where a joint functions relative to its
available motion. Youberg et al.(2005) manually evaluated the passive frontal plane
motion of 80 healthy feet. Joint angles were captured using an electromagnetic motion
analysis system and scaled to a standard calibration position. Dynamic joint angles were
then captured while walking barefoot at a self selected speed and related to the joints
available range. On average, subjects demonstrated 9° of passive eversion and used
approximately 68% or 5.8° of this motion when walking. More importantly, 21 feet were
found to use 70% or more of the available ROM and that 12 of these used more than what
was passively available (Figure 2.7). However this study has two limitations. First, the
passive torque used to move the AJC was applied by a clinician and therefore the exact
amount used is unknown. Secondly, the position of the AJC in the sagittal plane was not
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controlled when capturing the frontal plane joint angle. This is a concern, as the quantity
of frontal plane motion is somewhat dependant on the joint’s sagittal plane position (T. L.
Allinger, 1990; T. L. Allinger & Engsberg, 1993; Stefanyshyn & Engsberg, 1994).

Figure 2.7. Subjects generally used little of the inversion ROM during the stance phase of walking,
however used a large percentage of the available eversion ROM, in some cases even exceeding the
available motion.
Note. From “The Amount of Rearfoot Motion Used during the Stance Phase of Walking,” by L.D.
Youberg, M.W.Cornwall, T.G.McPoil, P.R.Hannon, 2005, Journal of American Podiatric Medical
Association, 95, p.380. Copyright 2005 by the American Podiatric Medical Association. Reprinted with
permission of publisher.

Engsberg et al. (1996) performed a similar study, in which the active ROM of the
AJC was evaluated with the assistance of a device (Figure 2.5) and a motion capture
system (T. L. Allinger, 1990; Nigg, et al., 1995). Dynamic joint angles were collected
using the same marker set used to collect ROM trials, and then compared. In concordance
with the previous study, these authors found that a group of runners, who were
considered to be “over” pronators, exceeded their eversion ROM boundary by an average
of 8.4 º and their abduction ROM boundary by 4.2° (Figure 2.8). Meanwhile, neutral
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runners maintained a buffer of 1.7° from their eversion ROM boundary and a 14.2°
buffer from their abduction ROM boundary.

Figure 2.8. The available ROM in the frontal plane is represented by the boxes while dynamic AJC
motion is represented by the diamonds. Although the available ROM is not significantly different between
groups, the overpronators function in a different region of their available motion.
Note. From “A New Method for Quantifying Pronation in Overpronating and Normal Runners,” by
J.R.Engsberg, 1996, Medicine and Science in Sports and Exercise, 28, p. 302. Copyright 1996 by the
American Coltibiae of Sports Medicine. Reprinted with permission of publisher.

In summary, few studies have related a joint’s dynamic motion to its available
motion. The two studies summarized above provide evidence for the need to measure a
joint’s available motion, i.e. “the speed limit”. Both demonstrate that a subset of the
population utilize a large percentage of their available motion and in some cases even
exceed the amount measured. However, neither explored the effects that this had on the
surrounding joints and the compensations that may have taken place throughout the lower
extremity. It is hypothesized that exhausting the motion of the AJC will force the body to
compensate. These compensations will likely take place at more proximal joints such as
the knee and in turn increase their risk of injury.

48

10. Orthotics in the Treatment of AKP
Orthotics are commonly prescribed to control excessive pronation in people with
AKP. Although the exact mechanism in which orthotics work is still uncertain, they have
been consistently shown to decrease pain and improve the function in those with AKP.
Eng et al. (1993) evaluated the effectiveness of an 8-week program of soft foot orthotics
combined with exercise. Twenty adolescent females with bilateral AKP and whom
demonstrated greater that 6° of calcaneal valgus or forefoot varus were studied. Subjects
were separated into two groups; one which received an exercise regime commonly
prescribed for AKP and a second group, which received a pair of orthotics while
receiving the same exercises regimen. Knee pain was evaluated using a visual analog
scale during walking, running, stair ascent, stair descent, 1hr of sitting and squatting. At
eight weeks, both groups demonstrated a significant reduction in pain across all six
activities. However, the group receiving both the orthotics and exercise demonstrated
significantly greater reductions in pain at 4, 6, and 8 wks with running, stair ascent, stair
descent and squatting (Figure 2.9).
Retrospectively, Saxena et al.(2003) reviewed the charts of 102 patients
prescribed custom foot orthotics secondary to AKP. Following 2 to 4 weeks of orthotic
use, patients were re-evaluated and classified as being asymptomatic, improved or
unchanged. They reported 78% of these subjects were asymptomatic or improved after 4
weeks. Similarly, Amell et al.(2000) followed 21 females who were suffering from
bilateral AKP and were prescribed semi– rigid orthotics. Using a 5-point scale (0 = Poor
Improvement, 3 = Fair Recovery (50%), 5 = Full recovery) subjects were asked to rate
their recovery after approximately 9 months. Of these 21 subjects, 19% reported a full
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recovery (5), 28.6 % a 4, and 38.1% a fair recovery (3). Therefore, a majority or 85.7%
of subjects reported an improvement of 3 or greater.

Figure 2.9. Using the VAS, the group which received the orthotic intervention in addition to an exercise
regime demonstrated significantly less pain when walking, running, stair ascent, stair descent, 1hr of sitting
and squatting after 8 weeks.
Note. From “Evaluation of Soft Foot Orthotics in the Treatment of Patellofemoral Pain Syndrome” by
J.J.Eng, M.R.Pierrynowski, 1993, Physical Therapy, 73, p. 66. Copyright 1992 by the Association of
Physical Therapy. Reprinted with permission of publisher.
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Orthotics are used to treat AKP on the premise they will improve the foot’s
posture and control foot pronation, in turn improving the mechanics of the knee.
Nevertheless, orthotic studies have not consistently demonstrated the ability to alter these
mechanics. MacLean et al.(2006) studied the effects of custom foot orthotics on the
mechanics of 15 healthy female runners. These authors found that the orthotics
significantly decreased peak AJC eversion, rearfoot eversion and peak eversion velocity
while running; however no changes in knee or tibial kinematics were noted.
Williams et al.(2003) examined the effects of two types of orthotics (standard vs.
inverted) on the lower extremity mechanics of eleven subjects who were prescribed
orthotics secondary to a running related injury. In contrast to MacLean et al. (2006)
findings, they found that both types of orthotics had no effect peak rearfoot eversion,
eversion excursion and eversion velocity. Likewise, they found no significant differences
in peak knee internal rotation, however did note a decrease in peak tibial in internal
rotation.
In summary, orthotics have been consistently effective at decreasing pain and
improving function in those suffering with AKP. However, the mechanism in which this
change is brought about remains debatable. Most believe that orthotics improve the
foot’s posture and limits its motion in turn improving the mechanics of the knee.
However, biomechanical studies have not consistently shown orthotics to change foot and
knee motion in any population including those with AKP. One possible reason is that
most studies have classified subjects as pronators based on the position of the rearfoot in
static and or dynamic positions, never based on where they functioned relative to their
available range. As theorized above, if AJC pronation has a greater influence on TIR
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when functioning at end range it is possible that an orthotic would have a greater effect
on those utilizing the largest percentage of their available motion. Therefore,
understanding the influence that orthotics have in those utilizing different percentages of
their ROM may provide insight into the mechanism in which they work.

11. Joint/Segment Coordination Variability
In a dynamical systems construct, coordination variability is viewed as a
favorable or beneficial characteristic. It has been hypothesized to allow the body
flexibility to execute a task in various ways and as a mean to change coordination
patterns (Turvey, 1990; Van Emmerik & Wagenaar, 1996). Several measures of
coordination have been developed thus far, however few have applied them to overuse
orthopedic injuries such as AKP.
Hamill et al. (1999) was one of the first investigators to apply these coordination
measures to an orthopedic condition. Using continuous relative phase, these authors
looked at the coordination between the femur, tibia, foot, knee and ankle in two subsets
of runners: 1) those with quadriceps angle’s greater than and less than 15° and 2) those
with and without AKP. Although these authors found no differences in coordination
across runners with varying quadriceps angles, they did discover a reduction in the
coordinative variability in those with AKP. This decrease in variability was interpreted
to be a result of an inflexible coordinative pattern that could have placed repetitive stress
on the same tissue, leading to its injury.
Using a vector coding technique, Heiderscheit et al. (2002) also reported no
significant differences in the lower extremity coordination of those with and without
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AKP. However, similar to Hamill et al. (1999), these authors also found a decrease in
coordination variability in runners with AKP. These differences were predominantly
found around the time surrounding initial contact and in the thigh vs. tibia coupling
relationship. Interestingly, these authors reported that the coordination variability of the
injured limb immediately increased to match that of healthy runners following a patella
taping technique utilized to improve the joints position and reduce pain (Heiderscheit,
2000a, 2000b).
One possible explanation for the decrease in variability seen in these studies is
that joints were functioning near end range. Functioning near end range would force a
joint and its segments to move in a narrow range and in turn have a repeatable joint
action. Hypothetically, the taping technique could have influenced the range in which the
knee joint functioned potentially keeping it from end range. Although the reduction in
variability was predominantly seen between the thigh and tibia, this may vary depending
on the etiology of AKP. It is well documented that its etiology is multifactorial in nature
and therefore as these factors change across individuals, so may the joint coordination
pattern and where a reduction in variability is seen. For example, a reduction in rearfoot
and tibial coupling variability may be more evident in individuals where excessive AJC
pronation is thought to be the predominant cause of AKP. Likewise, in this scenario one
could speculate that an orthotic intervention would increase the coupling variability
between the tibia and rearfoot, similar to what was seen with the taping procedure.
This relationship between AJC eversion/inversion and tibial rotation has also
been examined by Ferber et al. (2005), who found no significant differences in
coordinative variability between healthy and injured runners. Additionally, these authors
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found orthotics to have no influence on coordinative variability. However, these authors
used a non homogenous injury population which contained only a small number of
runners with AKP. As coordination patterns are likely injury specific, using broad
groups may have limited their findings. Additionally, these authors only focused on
single coordinative relationship and did not investigate more proximal coordinative
relationships. Consequently, the influence of orthotics in those with AKP remains
unknown.

12. Summary
Anterior knee pain is a common injury experienced by runners (Clement, 1981;
Macintyre, et al., 1991; McKean, et al., 2006; Taunton, et al., 2003). One of the most
implicated risk factors for developing AKP is “excessive” and/or “delayed” STJ
pronation (Buchbinder, et al., 1979; Clement, 1981; Tiberio, 1987). Subtalar joint
pronation has been thought to result in TIR via the tight articulation of the talocrural joint
(Norkin & Levangie, 1992; Tiberio, 1987). However, several studies have shown that a
significant amount of transverse plane motion is available at the talocrural joint. As a
result, closed chain pronation at the STJ may not immediately result in TIR, and may
only do so once the motion is taken up at the talocrual joint. Therefore, individuals who
function close to end range would hypothetically induce more internal rotation of the
tibia and knee.
Two studies have established that a subset of the population functions near or
exceed their available ROM when running and walking (Engsberg, 1996; Youberg, et al.,
2005). Nonetheless, to date no studies have examined the compensations taking place as
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a result of functioning near range or examined its role in injury. In regards to AKP, the
effects that functioning near end range has on tibial, knee and femoral kinematics and
coordination are of interest. Of particular interest will be the kinematic and coordinative
patterns that emerge as the joint nears end range and their potential role in the
development of AKP.
Orthotic studies that have used pain and function as metrics provide evidence that
controlling foot motion is of benefit in treating AKP (Amell, et al., 2000; Eng &
Pierrynowski, 1993; Saxena & Haddad, 2003). However, biomechanical studies have
failed to consistently demonstrate that orthotics control foot and knee motion (MacLean,
et al., 2006; Williams, et al., 2003). One possible reason is that most studies have
classified subjects as pronators based on the position of the rearfoot in static and or
dynamic positions, never based on where they functioned relative to their available range.
If the goal of the orthotic is to improve foot posture and limit its ROM, it may be more
logical to classify individuals as pronators based on where they function relative to their
available range instead of using a peak value. Classifying subjects in this fashion may
provide more insight into which subjects would benefit most from an orthotic
intervention. Lastly, if an orthotic was successful in keeping a joint from end range it
could allow the foot greater flexibility and change the EV/TIR ratio or coupling
variability.
In conclusion, analyzing dynamic AJC motion relative to its available ROM may
provide insight on several fronts. First, understanding how motion is transferred to the
tibia in those utilizing the greatest percentage of their available motion may prove useful
in understanding pronation’s role in the development of AKP. It is hypothesized that
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those functioning closest to end range will present with more TIR as a result of the
talocrural joint functioning near end range. As a result, the mechanics of the knee will be
more affected, and the likelihood of injury increased. In the end, it is believed that where
the AJC function relative to its ROM boundary is more important than the quantity of
motion when studying injuries such as AKP. Secondly, evaluating the ability of orthotics
to control foot motion in those functioning closer to end range would help understand
which individuals would benefit most from an orthotic intervention. Lastly, determining
the effects of using a greater percentage of the available motion has on coordination
variability may provide some insight into why a decrease in variability is seen in those
experiencing AKP.
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CHAPTER III
METHODOLOGY
1. Intro duction
“Excessive” and/or “delayed” pronation is frequently reported as a risk factor for
developing anterior knee pain (AKP) because of its influence on knee motion
(Buchbinder, et al., 1979; Clement, 1981; James, 1978; Tiberio, 1987). Orthotic studies
have supported this theoretical construct, collectively reporting significant improvements
in pain and function (Eng & Pierrynowski, 1993; Johnston, 2001; Saxena & Haddad,
2003). However, prospective and biomechanical studies have not consistently
demonstrated a link between “excessive” and/or “delayed” pronation and AKP.
In order to gain some insight into this discrepancy one must return to the
foundation of how pronation is thought to alter the mechanics of the knee. An
assumption made by this theoretical construct is that little transverse plane motion occurs
at the talocrual joint and therefore the adducting talus causes the tibia to internally rotate.
However, several studies have now brought this into question, demonstrating that an
ample amount of transverse plane motion is available at the talocrural joint (Arndt, et al.,
2004; Arndt, et al., 2007; Leardini, et al., 2001; Lundgren, et al., 2008; Siegler, et al.,
1988). Thus it could be hypothesized that pronation may only induce tibial internal
rotation (TIR) and effect the kinematics of the knee once the available motion at the
talocrual joint is taken up. Likewise, the coupling between TIR and pronation may be
also be dependent on the range of motion (ROM) available at the talocrural joint and
where it is occurring relative to its ROM boundary. Therefore, this series of studies were
designed to investigate the effects that functioning near end range have on lower
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extremity kinematics, coordination, and the development of AKP. Additionally, the
ability of orthotics to control pronation and maintain an individual from end range were
explored.

2. Subjects
Runners between the ages of 18 – 50 were recruited from the local community.
All subjects were required to have run eight or more miles a week for the last six months
and demonstrate a heel-toe running footfall pattern. Subjects were divided into two
subsets: a group of runners who had not experienced any pain or suffered any injuries at
this given training load (healthy group); and a group of runners who experience AKP at
this training load (injured group). Prior to participation, all subjects filled out a physical
activity readiness questionnaire and sign an informed consent approved by the subject
review committee at the University of Massachusetts.
Subjects experiencing knee pain were evaluated by a licensed physical therapist to
verify that pain was originating from the patellofemoral joint. This evaluation ruled out
any ligamentous laxity, meniscal pathology, tendonitis and ITB syndrome. Additionally,
subjects were required to experience pain with at least two exercises (i.e. squats, stairclimbing, kneeling, prolonged sitting) associated with increasing AKP (Fulkerson &
Shea, 1990).
The sample size was estimated with a power analysis using data from the
literature (Portney & Watkins, 1993). At a power of 80%, the sample size estimates
ranged from 4 – 20 depending on the variable and the source of the data. Thus, because
of the clinical population used, a goal of 15 subjects per group was set.
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3. Experimental Protocol
3.1. Equipment Set Up
The experimental set-up was identical across all studies. It consisted of an eightcamera four megapixel Oqus 500 motion capture system (Qualisys, Gothenburg,
Sweden), which surrounded both a Woodway treadmill (Woodway, Waukesha, WI) and a
ROM device. The global coordinate system was established using a reference frame with
four makers of a known location. Using this reference frame, the Y-axis was aligned
parallel to the belt of the treadmill and the Z-axis vertically perpendicular to the surface
of the treadmill. A calibration wand with two markers a fixed distance apart was then
moved through the capture volume to calibrate the system.

3.2. Warm-Up/Preferred Running Speed
Subjects were taken through an extensive warm up routine. This was deemed
necessary because the motion present at a joint changes as the surrounding soft tissue
“warms up” and its flexibility increases (Nigg, et al., 1995). Therefore, to ensure the
subject’s full ROM was captured, all subjects went through a warm – up routine which
consisted of two minutes of walking, followed by approximately three minutes of
running. Once subjects reported being “warmed up”, their preferred treadmill running
speed was determined. This was achieved by blinding subjects to the treadmill speed
while it was progressively increased or decreased. To begin, subjects ran at a 5.0 mph
pace and their speed was progressively increased a tenth of a mph until they indicated
that their preferred speed had been reached. Once the preferred speed was reached, this
process was immediately repeated in reverse, with subjects starting their run at pace
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approximately 20% faster than their previously recorded preferred speed. In this case,
the speed was reduced a tenth of a mph until they indicated that their preferred speed had
been reached. Both measurements were repeated and the preferred speed calculated by
taking the average of the four trials (Holt, et al., 1991).
Once the preferred speed was calculated, subjects were required to continue
running at that pace for an additional 5 minutes. In total, subjects ran approximately 12 –
15 minutes. This was followed by a stretching routine which included two repetitions of
gastrocnemius and soleus stretches, with each repetition held for 30 seconds as well as 20
repetitions of ankle circles. Once the entire warm up routine was complete,
retroreflective markers were placed on the lower extremity.

3.3. Marker Set/Segments
The lower extremity was modeled as three rigid segments consisting of a rearfoot,
tibia and thigh. Segments and local coordinate systems were defined (Table 3.1) and
tracked using retroreflective markers (Figure 3.1).
Table 3.1.
Calibration and virtual markers were utilized to define segments in Visual 3D. Dynamic movements, including
ROM trials were tracked using the rigid tracking plates
Segment
Proximal
Distal
Tracked
Thigh
Hip Virtual Marker
Med & Lat Knee
Thigh Cluster
Tibia
Med & Lat Knee
Med & Lat Malleoli
Tibial Cluster
Rearfoot
Med & Lat Markers on
Peroneal Tubercule and
Heel Cluster
Tracking Cluster
Sustentaculum Tali
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Figure 3.1. Marker set used for all experimental conditions. Local coordinate systems for the thigh, tibia
and rearfoot were defined using the calibration (red), calibration and tracking (light blue) and virtual
(green) markers. Segments were tracked during dynamic trials using the rigid tracking plates (blue and
light blue).

3.4. Passive Range of Motion Device
Passive ROM was measured using a device inspired by Allinger et al.(1990).
Similarly, our device had six degrees of freedom and allowed the AJC to rotate and
translate in three planes while maintaining a constant vertical load of 100 N. It also had
the capability of locking one or two planes of rotation thus allowing rotation in just one
plane. Unlike their device, our device was constructed using T-extruded aluminum
(80/20 Inc., Columbia City, IN) instead of aluminum tubing. This was utilized to
eliminate the need to weld each joint; instead it was assembled using a variety of joining
plates and brackets. Furthermore, our device had the end of each shaft cut in the shape of
a square nut which was then used to apply a passive torque to the AJC using a digital
torque wrench (Appendix A).
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Figure 3.2. ROM device inspired by Allinger et al. (1990). This device has six degrees of freedom and
allows for the application of a passive torque in the sagittal and frontal planes.

In order to apply a known torque to the AJC, the amount of torque required to
move the foot carriage independently was initially determined (Appendix B). Using a
torque wrench (CDI, City of Industy, CA), the carriage was first taken through its full
sagittal plane ROM and torque readings were taken every 10°. Next, the foot carriage
was locked in one of the seven pre-determined sagittal plane testing positions and the
torque required to move the carriage in the frontal plane was recorded every 5°. Torque
vs. angle graphs were then constructed for inversion and eversion in each of the sagittal
plane positions and at different platform heights (Figure 3.4). Ultimately these plots and
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data were used to create an equation that would estimate the torque necessary to move the
foot platform in a wide variety of positions (Appendix B). A 10N*m torque could then
be applied to the AJC by adding 10 N*m to the torque necessary to move the foot
platform itself. For example, a 2 N*m torque was required to move the foot carriage into
30° of eversion, therefore to place a 10 N*m torque on the AJC a 12 N*m torque was
applied to the foot platform using a torque wrench (Figure 3.4).

Figure 3.3. The torque required to move the foot carriage independently was recorded every 10° from 40º
to maximum dorsiflexion (triangles). Using these plots and data and equation was created to compute the
torque necessary to move the foot carriage in the frontal plane in a variety of sagittal plane positions and
platform heights. A 10 N*m torque was then added to the torque required to move the platform itself to
ensure that a 10N*m torque was being applied to the AJC (squares).

3.5. Passive ROM Protocol
Reflective marker clusters were placed on the calcaneus and distal lower leg.
Runners were then positioned inside the device and the foot aligned so the heel and
second metatarsal head bisected the center of the foot platform and the sagittal plane axis
bisected the medial and lateral malleoli. With the aid of a laser level, the platform was
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adjusted to align the tibia vertically in the frontal and sagittal planes. The foot and tibia
were then secured with Velcro straps and braces. A compressive load of 100 N was then
applied to the long axis of the tibia.
Once secured in the device, the AJC was passively moved into deorsiflexion until
runners subjectively reported reaching end range. Passive frontal plane ROM was then
measured randomly in seven sagittal plane positions, ranging from approximately 40° of
plantarflexion to the recorded maximum dorsiflexion. This was accomplished by
applying a passive torque to the shaft of the frontal plane axis using a torque wrench.
The goal was to apply a 10 N. m torque to the AJC, therefore the torque applied via the
wrench varied based on the platform height, and the sagittal and frontal plane position of
the foot carriage (Applied Torque = 10 N. m + Resistance of foot carriage, Appendix B).
This torque was chosen because it allowed for direct comparisons to previous studies
(Nigg, et al., 1995; Siegler, et al., 1996) and allowed subjects to keep their musculature
relatively relaxed. In each position, three, one-second passive trials were captured.

3.6. Running Trials
Once the passive ROM of the AJC was measured the remaining tracking and
calibration markers were placed on the subject (Figure 3.1). A barefoot standing
calibration was captured and used to define the orientation of the local coordinate system
for the rearfoot, lower leg and femur. During this calibration, subject’s feet were
positioned to point straight ahead, hip width apart and they were instructed to look
straight ahead and keep their knees extended. Calibration markers were removed and
running kinematics captured using the rigid marker clusters to reduce the influence of
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soft tissue movement (Manal, et al., 2000). Subjects then ran on a treadmill for five
minutes in each condition and speed, with data being collected (200 Hz) during the final
30 seconds. A preferred speed was used to evaluate the mechanics of runners at a speed
that was more representative of their training speed. It is felt this speed may provide
insight into the mechanics most often used by injured runners and those contributing to
the injury. During all running trials, subjects wore a neutral running shoe (New Balance
415) with a modified heel counter. This allowed for a tracking cluster to be directly
attached to the calcaneus and remain fixed across all running and ROM trials, eliminating
the error associated with multiple calibration and marker re-placement.

No Orthotics

Standardized
Running Speed (6.5)

Orthotics
No Orthotics

Preferred
Running Speed

Orthotics

Figure 3.4. Subjects ran under 4 randomized conditions.

3.7. Orthotics
A modified over the counter orthotic was used during running trials (New Balance
Athletic Shoe Inc.,Boston, MA). The orthotic was constructed of polyurethane foam and
was shaped to support the medial longitudinal arch. It was modified with four degree
rubber molded wedges (AliMed Inc., Dedham,MA) in the rearfoot and forefoot.

3.8. Data Reduction
Markers were identified using Qualisys Track Manager (Qualisys, Gothenburg,
Sweden) and exported to Visual 3D (C-Motion, Germantown, MD). Marker histories
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were smoothed using a 12 Hz dual pass, fourth order, zero lag Butterworth digital filter.
Right handed local coordinate systems were created for the thigh, tibia and rearfoot using
the standing calibration trial (Figure 3.2). Filtered marker trajectories from the rigid
clusters were used to track the segments during the passive ROM and running trials.
Joint angles were calculated using Cardan angles with an X-y-z (Cole, et al., 1993)
rotation sequence.
Variables of interest were analyzed during the stance phase of gait, with
touchdown (TD) defined as the minimum vertical position of a marker placed on the
posterior lateral aspect of the midsole and push-off at peak knee extension (Fellin &
Davis, 2007). Variables included the AJC’s TD angle, peak eversion, time to peak
eversion, total frontal plane motion, peak eversion velocity, peak TIR, time to peak TIR
and total transverse tibial motion (Table 3.2). Additionally, the eversion to TIR ratio was
calculated by dividing the total AJC frontal plane ROM and the total transverse tibial
ROM (EV/TIR) (McClay & Manal, 1997; Nawoczenski, et al., 1998; Nigg, et al., 1993).
Table 3.2.
Pronation related variables and their definitions
Variable
AJC TD Angle

Definition
AJC Angle at TD

Peak Eversion

Peak AJC Eversion Angle

Time to Peak Eversion
Total AJC Frontal Plane ROM
Peak Eversion Velocity
Peak TIR
Time to Peak TIR
Total Transverse Tibial ROM
Peak EV/TIR Ratio

Time from TD to Peak Eversion / Stance Time
Peak Eversion – TD Angle
Peak Eversion Velocity
Peak TIR
Time from TD to Peak TIR / Stance Time
Peak TIR – TIR at TD
Total AJC Frontal Plane ROM/ Total Transverse Tibial
Motion
Time to Peak TIR – Time to Peak Eversion

Timing

Peak passive AJC ROM values were determined for each position by averaging
three ROM trials. These values were plotted and interpolated, creating an eversion and
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inversion ROM boundary (Figure 3.5). Dynamic joint angles during stance were
referenced to these boundaries during each normalized time point. Therefore both the
AJC’s peak angle and its distance or buffers from its boundaries were known (Figure
3.6). For example, if two runners presented with 5° of peak eversion; however, one had
only 6° of available eversion motion, this would leave them a with a 1° buffer. On the
other hand, if the other runner had 10° of available motion they would have a 5° buffer.
Using this information, subjects were also grouped into three equally sized groups based
on their eversion buffer when running at 6.5 mph with no orthotic (small, medium and
large).

Figure 3.5. Passive inversion and eversion ROM measurements were taken in several sagittal plane
positions. The AJC’s position during the stance phase of running was then plotted relative to the available
passive ROM.
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Figure 3.6. Calculating where the AJC dynamically functions relative its ROM boundary.

3.9. Intra-limb Coupling
Intra-limb segment and joint couplings were calculated using a vector coding
technique originally described by Sparrow et al. (1987), and modified by Heiderscheit et
al. (2002). Joint and segment angles were initially time-normalized to the stance phase of
gait. Angle-angle plots were then created by plotting the proximal segment/joint angle on
the y-axis and the distal segment/joint angle on the x-axis (Table 3.3). The angle formed
by two adjacent points and the right horizontal was then calculated throughout stance and
was used to represent the coordination or coupling between the segments or joints of
interest (Chang, et al., 2008).
Table 3.3
Intra-limb segment and joint couplings of interest
Coupling
Proximal Segment/Joint
1
Tibial Segment IR/ER
2
Tibial Segment IR/ER
3
Knee Joint IR/ER
4
Knee Joint Flexion/Extension
5
Thigh Segment IR/ER

Distal Segment/Joint
Rearfoot Segment Inv/Ev
AJC Joint Inv/Ev
AJC Joint Inv/Ev
AJC Joint Inv/Ev
Tibial Segment IR/ER

Resulting angles ranged from 0° to 360°, with angles of 0° and 180° representing
movement of just the distal segment, and angles of 90° and 270° representing movement
of just the proximal segment. Alternatively, angles lying at 45° and 225° represented the
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proximal and distal segment moving in the same direction at the same velocity, and
angles of 135° and 315° representing segments moving in opposite directions at the same
velocity.
Mean coupling angles were calculated between each data point over 10 steps.
Because of the circular nature of this data, this was accomplished using circular statistic
(Batschelet, 1981; Chang, et al., 2008; Wikepedia). This is necessary when analyzing
directional data, as conventional statistics could provide inaccurate means particularly
near 360°. For example if one had angles of 50°, 70° and 100°, the mean could easily be
calculated by taking the sum of the angles and dividing by 3, resulting in a mean of
73.3°. However if these angles were shifted around 0°, one would have angles of 330°,
350° and 20°. Averaging these angles using the conventional method would result in a
mean of 233.3° and would not represent the true direction of the data (Figure 3.7). This
issue can be overcome by utilizing circular statistics. To calculate the mean angle using
circular statistics, it is necessary to first find the mean sine and cosine. A true mean angle
can then be calculated by taking the arc tangent of these means (Figure 3.8).

Figure 3.7. Comparison of a mean calculated using conventional vs. circular statistics. With circular data,
the conventional statistic resulted in a mean of 233.3º which does not reflect the true direction of the data.
Using circular statistics, the true mean of 353.25 º can be calculated.

74

Likewise, variability also needs to be evaluated using circular statistics. In this
case, the variability around the mean can be determined based on the vector length of the
mean angle (Figure 3.8). Vector lengths close to 1 were indicative of little variability
where those close to 0 were indicative of larger variability. The angular variance and
angular deviation is then calculated using the vector length (Batschelet, 1981).

Figure 3.8. The angular variance can be determined using the mean vector length. Data with little
variance will have a mean vector length closer to 1. Variability can also be expressed as angular standard
deviation using the above formula.

4. Statistical Analysis
Study 1
The purpose of this study were to compare how traditional pronation related variables
differ across those with different eversion buffers and between healthy and injured
runners.
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Hypothesis 1: Subjects with different eversion buffers will not demonstrate any
differences in TD angle, peak eversion, total AJC frontal plane ROM and peak eversion
velocity. However subjects with small eversion buffers will have significantly more peak
tibial IR and total transverse tibial rotation ROM. The variables of interest were
averaged over the stance phase of 10 steps when subjects run at 6.5 mph and when
running at their preferred speed. Statistical differences were evaluated using three way
analysis of variance (ANOVA) with eversion buffer, speed, and injury status as factors (α
=0.05).
Hypothesis 2: Subjects with AKP will not demonstrate any differences in TD angle, peak
eversion, total AJC frontal plane ROM and peak eversion velocity. However injured
subjects will have significantly more peak tibial IR, total transverse tibial rotation ROM
and smaller eversion buffers. The variables of interest were averaged over the stance
phase of 10 steps when subjects ran at 6.5 mph and when running at their preferred speed.
Statistical differences were evaluated using three way analysis of variance (ANOVA)
with eversion buffer, speed and injury status as factors (α =0.05).
Hypothesis 3: The timing between peak eversion and peak TIR will occur closer in time
in subjects with a small eversion buffer. This difference in timing were averaged over the
stance phase of 10 steps when subjects ran at 6.5 mp and at the preferred speed.
Statistical differences were evaluated using a three way ANOVA with speed, eversion
buffer and injury status as factors (α = 0.05).
Hypothesis 4: Those with a small eversion buffer and AKP will demonstrate smaller
peak EV/TIR ratios in comparison to those large eversion buffers. The EV/TIR ratio was
averaged over 10 steps when subjects run at 6.5 mph and at a preferred speed. Statistical
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differences were evaluated using a three way ANOVA with speed, eversion buffer and
injury status as factors (α = 0.05).

Study 2
The purpose of this study was to compare the lower extremity coordination of runner
with and without AKP.
Hypothesis 1: It is hypothesized that injured runner will utilize a greater percentage of
their available motion and as a result will have a different coupling pattern than healthy
runners. Coupling angles were evaluated by first breaking the stance into quartiles. The
mean coupling angles will then be assed in each quartile. Additionally coupling angles
were evaluated at each normalized time point. Difference were evaluated using a
Watson-Williams test (Appendix D) (Berens, 2009; Watson & Williams, 1956),which is
a circular equivalent to a one way ANOVA (α = 0.05) .
Hypothesis 2: Subject’s with AKP will demonstrate less coupling variability than healthy
runners. Coordination variability was evaluated by first breaking the stance into
quartiles. Mean coordination variability will then be assessed in each quartile.
Additionally coupling variability was evaluated at each normalized time point.
Differences were evaluated using a one way ANOVA (α = 0.05).

Study 3
The purpose of this study was to evaluate the effects of orthotics on coordination and
pronation related variables in those with AKP.
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Hypothesis 1. Subjects with AKP will demonstrate a significant change in TD angle,
peak AJC eversion, total AJC frontal plane ROM, peak eversion velocity, peak TIR,
transverse plane tibial ROM and eversion buffer when using orthotics. The variables of
interest were averaged over the stance phase of 10 steps when running at 6.5 mph.
Statistical differences were evaluated using a repeated measures two way ANOVA with
injury status and orthotic condition as factors (α =0.05).
Hypothesis 2: It is hypothesized that orthotics will increased the eversion buffer of
injured runners and as a result normalize their coupling angle profile to that of healthy
runners. Coupling angles were evaluated at each normalized time point using a WatsonWilliams test (Berens, 2009; Watson & Williams, 1956),which is a circular equivalent to
a one way ANOVA (α =0.05).
Hypothesis 3. It is hypothesized that orthotics will increased the eversion buffer of
injured runners and as a result normalize their coupling variability to that of healthy
runners. Coordination variability were evaluated at each normalized time point using a
one way ANOVA (α = 0.05).

Study 4
The purpose of this study was to evaluate the effects of orthotics on coordination and
pronation related variables in those with small eversion buffers.
Hypothesis 1. Subjects with small eversion buffers will demonstrate a significant change
in TD angle, peak AJC eversion, total AJC frontal plane ROM, peak eversion velocity,
peak TIR, transverse plane tibial ROM and eversion buffer when using orthotics. The
variables of interest were averaged over the stance phase of 10 steps when subjects run at
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6.5 mph. Statistical differences were evaluated using a repeated measures two way
ANOVA with eversion buffer and orthotic condition as factors (α =0.05).
Hypothesis 2: It is hypothesized that orthotics will increased the eversion buffer in those
with small buffers and as a result normalize their coupling angle profile to those with
large buffers. Coupling angles were evaluated at each normalized time point using a
Watson-Williams test (Berens, 2009; Watson & Williams, 1956),which is a circular
equivalent to a one-way ANOVA (α = 0.05).
Hypothesis 3. It is hypothesized that orthotics will increased the eversion buffer of
injured runners and as a result normalize their coupling variability to those with large
buffers. Coordination variability were evaluated at each normalized time point using a
one way ANOVA (α =0.05).

5. Summary
In summary, evidence suggests that the kinematics of the tibia may be more
affected by AJC pronation when it’s using up a greater percentage of its available motion.
Therefore, the goals of these studies were to examine how the relationship between AJC
pronation and tibial rotation differs in those with small and large eversion buffer.
Additionally, how these potential changes effect the mechanics of the knee and their role
in the development of AKP were investigated. Lastly, the ability of orthotics to increase
the eversion buffer and the effect this may have on coordination were evaluated.

6. References
Allinger, T. L. (1990). A Method to Determine the Static Range of Motion of the Ankle
Joint Complex - In Vivo. University of Calgary, Calgary, Alberta.

79

Arndt, A., Westblad, P., Winson, I., Hashimoto, T., & Lundberg, A. (2004). Ankle and
subtalar kinematics measured with intracortical pins during the stance phase of walking.
Foot Ankle Int, 25(5), 357-364.
Arndt, A., Wolf, P., Liu, A., Nester, C., Stacoff, A., Jones, R., et al. (2007). Intrinsic foot
kinematics measured in vivo during the stance phase of slow running. J Biomech, 40(12),
2672-2678.

Batschelet (1981). Circular Statistics in Biology: Academic Press.
Berens, P. (2009). CircStat: A Matlab Toolbox for Circular Statistics. J Stat Soft, 31(10),
1-21.

Buchbinder, M. R., Napora, N. J., & Biggs, E. W. (1979). The relationship of abnormal
pronation to chondromalacia of the patella in distance runners. J Am Podiatry Assoc,
69(2), 159-162.
Chang, R., Van Emmerik, R., & Hamill, J. (2008). Quantifying rearfoot-forefoot
coordination in human walking. J Biomech, 41(14), 3101-3105.

Clement, D. B. (1981). Survey of overuse running injuries. Physician and
Sportsmedicine, 9(7), 47-58.

Cole, G. K., Nigg, B. M., Ronsky, J. L., & Yeadon, M. R. (1993). Application of the joint
coordinate system to three-dimensional joint attitude and movement representation: a
standardization proposal. J Bio mech Eng, 115(4A), 344-349.

Eng, J. J., & Pierrynowski, M. R. (1993). Evaluation of soft foot orthotics in the
treatment of patellofemoral pain syndrome. Phys Ther, 73(2), 62-68; discussion 68-70.

Fellin, R. E., & Davis, I. S. (2007). Comparison of kinematic methods for determining
footstrike and toe-off during overground running. Paper presented at the American
Society of Biomechanics, Stanford, Palo Alto, California.

Fulkerson, J. P., & Shea, K. P. (1990). Mechanical basis for patellofemoral pain and
cartilage breakdown. New York: Raven Press.

80

Heiderscheit, B. C., Hamill, J., & Van Emmerik, R. E. (2002). Variability of Stride
Characteristics and Joint Coordination Among Individuals with Unilateral Patellofemoral
Pain. J Appl Bio mech, 110-121.
Holt, K. G., Hamill, J., & Andres, R. O. (1991). Predicting the minimal energy costs of
human walking. Med Sci Sports Exerc, 23(4), 491-498.

James (1978). Injuries to runners. The American Journal of Sports Medicine, 6(2).
Johnston, L. B. (2001). The effects of three shoe wear conditions on lateral patellar
displacement in subjects with anterior knee pain. University of North Carolina, Chapel
Hill, NC.

Leardini, A., Stagni, R., & O'Connor, J. J. (2001). Mobility of the subtalar joint in the
intact ankle complex. J Biomech, 34(6), 805-809.
Lundgren, P., Nester, C., Liu, A., Arndt, A., Jones, R., Stacoff, A., et al. (2008). Invasive
in vivo measurement of rear-, mid- and forefoot motion during walking. Gait Posture,
28(1), 93-100.

Manal, K., McClay, I., Stanhope, S., Richards, J., & Galinat, B. (2000). Comparison of
surface mounted markers and attachment methods in estimating tibial rotations during
walking: an in vivo study. Gait Posture, 11(1), 38-45.
McClay, I., & Manal, K. (1997). Coupling Parameters in Runners with Normal and
Excessive Pronation. j Appl Biomech, 83, 109-124.

Nawoczenski, D. A., Saltzman, C. L., & Cook, T. M. (1998). The effect of foot structure
on the three-dimensional kinematic coupling behavior of the leg and rear foot. Phys Ther,
78(4), 404-416.

Nigg, B. M., Cole, G. K., & Nachbauer, W. (1993). Effects of arch height of the foot on
angular motion of the lower extremities in running. J Biomech, 26(8), 909-916.

Nigg, B. M., Nigg, C. R., & Reinschmidt, C. (1995). Reliability and validity of active,
passive and dynamic range of motion tests. Sportverletz Sportschaden, 9(2), 51-57.

81

Portney, L. G., & Watkins, P. J. (Eds.). (1993). Foundations of Clinical Research.
Stanford, CT.
Saxena, A., & Haddad, J. (2003). The effect of foot orthoses on patellofemoral pain
syndrome. J Am Podiatr Med Assoc, 93(4), 264-271.
Siegler, S., Chen, J., & Schneck, C. D. (1988). The three-dimensional kinematics and
flexibility characteristics of the human ankle and subtalar joints--Part I: Kinematics. J
Biomech Eng, 110(4), 364-373.
Siegler, S., Lapointe, S., Nobilini, R., & Berman, A. T. (1996). A six-degrees-of-freedom
instrumented linkage for measuring the flexibility characteristics of the ankle joint
complex. J Biomech, 29(7), 943-947.
Sparrow, W. A., Donovan, E., Barry, E. B., & van Emmerik, R. E. (1987). Using Relative
Motion P lots to Measure Changes in Intra-Limb and Inter-Limb Coordination. J Motor
Behav, 19(1), 115-129.
Tiberio, D. (1987). The effect of excessive subtalar joint pronation on patellofemoral
mechanics: a theoretical model. J Orthop Sports Phys Ther, 9(4), 160-165.
Watson, G., & Williams, E. (1956). On the Construction of Significance Tests on the
Circle and the Sphere. Biometrika, 43, 344 - 352.

82

CHAPTER IV
EVALUATING PRONATION RELATIVE TO THE AVAILABLE
RANGE OF JOINT MOTION
1. Introduction
Running is a popular form of exercise with some 33.2 million Americans using it
as a part of their fitness routine. Of these runners, 23 million report running more than 50
days per year (Association, 2009). Unfortunately, with all the health benefits also comes
the increased risk of orthopedic injury. In fact, it has been purported that up to 79% of
runners will sustain an injury within any calendar year, with 24% of these injuries
causing them to stop for 7 or more days (Lun, et al., 2004). One of the most frequently
injured regions is the knee, with anterior knee pain (AKP) being a prevalent diagnosis
(Clement, 1981; Macintyre, et al., 1991; McKean, et al., 2006; Taunton, et al., 2003).
As with any overuse injury, several factors contribute to the development of AKP,
such as training error, biomechanical faults and anatomical abnormalities (Fulkerson &
Arendt, 2000). One biomechanical fault that has been implicated in the development of
AKP is “excessive” and/or “delayed” pronation (Buchbinder, et al., 1979; Tiberio, 1987).
In this theoretical paradigm, it is thought that “excessive” and/or “delayed” pronation
keeps the tibia internally rotated (TIR) into late stance. As a result, the femur must
compensate by internally rotating more than the tibia to maintain the “screw home
mechanism” “required for the knee to extend. While these compensations preserve the
arthrokinematics at the tibiofemoral joint they alter those of the patellofemoral joint,
placing increased stress and strain on its articular surface and surrounding soft tissue
(Lee, et al., 2001).
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While this paradigm is widely accepted, research studies have not supported the
association between “excessive” and/or “prolonged” pronation and AKP. Prospective
and retrospective epidemiology studies have found no association between dynamic and
static measures of pronation and the risk of developing AKP in both military recruits
entering basic training and recreational runners (Hetsroni, et al., 2006; Kaufman, et al.,
1999; Lun, et al., 2004; Messier, et al., 1991; Walter, et al., 1989). Similarly,
biomechanical studies do not consistently find differences in pronation related variables
such as peak eversion, peak tibial internal rotation, peak knee internal rotation and their
timing in those with and without AKP ( (Duffey, et al., 2000; Levinger & Gilleard, 2007;
Messier, et al., 1991; Powers, et al., 2002)). Collectively these finding bring in to
question this injury paradigm.
While these epidemiological and biomechanical studies have not supported the
association between AKP and pronation related variables, orthotic studies have painted
somewhat of a different story. When specifically focusing on pain and function as
outcome measures, these studies consistently find orthotics to reduce pain and improve
function. For instance, Eng et al. (1993) reported significant improvements in pain during
running, stair ascent, stair descent and squatting activities when an orthotic intervention
was combined with an exercise program. Likewise, Amell et al. (2000) and Saxena et al.
(2003) both reported that over 70% of participants with AKP reported amelioration in
their symptoms following an orthotic intervention. Therefore, orthotic studies provide
some evidence that the foot mechanics have a role in the development of AKP. This
leads to the question of why these mechanics are not consistently detected in
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biomechanical studies. One possibility is researchers have not looked at pronation
related variables in the right context.
While commonly used, the term “over” pronation is not clearly defined or agreed
upon in the literature. The word “over” implies the joint has crossed some threshold. In
most case this threshold has been defined using eversion means and standard deviations
reported in the literature. The issue with using such a method is that the set threshold is
not subject-specific and does not take into account the range of motion (ROM) available
at the ankle joint complex (AJC), which is highly variable (Nigg, et al., 1992). For
instance, two runners presenting with seven degrees of peak eversion would likely be
classified as having a normal amount of pronation based on the values found in the
literature. However, if one of these runners only had seven degrees of motion available
at the AJC, ones interpretation of them as “neutral” would likely change. Additionally
one could hypothesize a runner that uses a greater percentage of their available motion
would 1) place greater demands on the soft tissue, 2) have a reduced ability to absorb
impact forces via joint rotation, and 3) have less flexibility to accommodate changes in
the running surface. Together, these factors would likely increase the probability of
sustaining an injury.
Two studies to date have evaluated the dynamic motion of the AJC relative to its
available ROM. Youberg et al. (2005) passively measured the ROM of the AJC using an
electromagnetic motion capture system, and then, using the same system, evaluated the
dynamic joint angles during barefoot walking. These authors found, on average,
participants used 68% of their available eversion ROM, with 26% using more than 70%
of their available motion. However, and more importantly, 15% used more motion than
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was passively measured. Similarly, Engsberg et al. (1996) measured the active ROM of
the AJC using a custom made ROM device and stereophotometric motion capture
system. Again, using the same system, these authors captured dynamic joint angles of
runners and found them on average to use up a majority of the available eversion ROM.
More importantly, runners considered to be “over” pronators used more motion then was
actively available, exceeding their frontal plane boundary by an average 8.4°. While
these studies provide evidence that certain individuals utilize a greater percentage of their
available ROM neither study related their finding back to traditional pronation related
variables or evaluated injured populations.
Therefore, the purposes of this study were 1) compare traditional pronation
related variables in those who utilize different percentages of their available motion, and
2) evaluate the association between utilizing different percentages of the available motion
and AKP. It was hypothesized that healthy and injured runners will have similar
pronation related variables; however, injured are expected to utilize a greater percentage
of their available motion. Consequently, the percentage of motion utilized during
running is expected to be more sensitive in identifying injury status.

2. Methods
2.1. Subjects
Thirty-six recreation runners participated in this study (Table 4.1). All runners
were required to have been running 8+ miles per week for the prior 6 months, have a
heel-strike foot fall pattern and have no history of lower extremity surgery. Those
experiencing AKP were evaluated by a licensed physical therapist to: 1) rule out any
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ligamentous laxity, meniscal pathology, tendonitis and ITB syndrome, and 2) to confirm
that signs and symptoms were consistent with pain originating from the patellofemoral
joint. Prior to participating, subjects filled out a physical activity readiness questionnaire
and signed the informed consent approved by the subject review committee at the
University of Massachusetts.
Table 4.1.
Subject Information and Anthropometrics
Health
Number
Male
Female
Age
Weight (kg)
Height (m)

Healthy
19
10
9
34 ± 10
65.2 ± 12
1.72 ± 0.09

Injured
17
4
13
29.8 ± 7
60.2 ± 8
1.63 ± 0.08

Buffer
Large
12
5
7
30.8 ± 7.6
61.2 ± 11
1.68 ± 0.11

Medium
12
3
9
28.8 ± 8.9
59 ± 7
1.64 ± 0.08

Small
12
6
6
28.8 ± 8.9
59 ± 7
1.64 ± 0.08

2.2. Experimental Protocol and Equipment
Runners were first asked to warm up on the treadmill for approximately 10 – 15
minutes to 1) acclimate themselves to the treadmill (Woodway, Waukesha, WI), 2)
determine their preferred running speed (Holt, et al., 1991) and 3) to loosen up the AJC to
ensure that its full ROM could be measured. They were then taken through a series of
gastrocnemius and soleus stretches followed by ankle circles. Reflective tracking
marker clusters were placed directly on the calcaneus and lower leg (Figure 4.1). Next,
runners were positioned in a custom made ROM device designed to passively move the
AJC into inversion and eversion in multiple sagittal plane positions while still allowing
translation in all three planes (Figure 4.2). Once inside the device, the foot was
positioned so that the heel and second metatarsal head bisected the foot platform and the
sagittal plane axis bisected the medial and lateral malleoli. With the aid of a laser level,
87

the platform was adjusted to vertically align the tibia in the frontal and sagittal planes.
The foot and tibia were then secured with Velcro straps and braces. A compressive load
of 100 N was then applied to the long axis of the tibia.

Figure 4.1. Marker set utilized during testing. Calibration markers were placed on bilateral greater
trochanters, medial and lateral joint line of the knee, medial and lateral malleolus, peroneal tuberucle, and
the sustentaculum tali. In addition, the medial and lateral marker of the heel cluster was used to define the
rearfoot segment. Dynamic motion was tracked with marker cluster placed on the lateral femur, lower leg
and calcaneus.

Once secured in the device, dorsiflexion ROM was recorded by passively moving
the foot carriage to end range. Passive frontal plane ROM was then measured in seven
sagittal plane positions, ranging from approximately 40° of plantarflexion to the recorded
maximum dorsiflexion. In each sagittal plane position, three inversion and eversion
ROM measurements were recorded using an eight camera motion capture system
(Qualisys, Gothenburg, Sweden). This was accomplished by applying a passive torque to
the shaft of the frontal plane axis using a torque wrench. The goal was to apply a 10 N. m
torque to the AJC, therefore the torque applied via the wrench varied based on the
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platform height, and the sagittal and frontal plane position of the foot carriage (Applied
Torque = 10 N. m + Resistance of foot carriage).

Figure 4.2. Device utilized to passively move the AJC through its ROM. This device allowed for a
passive torque to be applied along the frontal and sagittal plane axes, while allowing for translation in all
three planes.

Once all ROM measurements were recorded, subjects exited the device and the
remaining tracking and calibration markers were positioned (Figure 4.1). A barefoot
standing calibration was captured and used to define the orientation of the local
coordinate system for the rearfoot, lower leg and femur. During this calibration, subjects’
feet were positioned to point straight ahead, hip width apart. They were instructed to look
straight ahead and keep their knees extended. Calibration markers were removed and
running kinematics captured using the rigid marker clusters to reduce the influence of
soft tissue movement (Manal et al., 2000). They were next placed in New Balance 415
neutral running shoes, which had a modified heel counter allowing the tracking cluster to
remain fixed to the calcaneus across all conditions. This eliminated the error associated
with multiple calibrations and marker re-placement. Subjects were then asked to run for 5
minutes at both a standard speed of 2.9 m/s and their preferred speed. A preferred speed
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was used to evaluate the mechanics of runners at a speed that was more representative of
their training speed. Using this speed may provide insight into the mechanics most often
used by injured runners those contributing to the injury. Kinematic data were collected
(200 Hz) over the final 30 seconds of each speed.

2.3. Data Reduction
Marker trajectories from ROM and running trials were processed and analyzed in
Visual 3D (C-Motion, Germantown, MD). Raw marker trajectories were smoothed using
a 12 Hz dual pass, fourth order, low pass Butterworth filter. Right handed local
coordinate systems were created for the thigh, lower leg and rearfoot from the standing
calibration trial and tracked using marker clusters (Figure 4.1). Segment and joint angles
were calculated using Cardan angles with an X-y-z (Cole, et al., 1993) rotation sequence.
Variables of interest were analyzed during the stance, with touchdown (TD) defined as
the minimum vertical position of a marker placed on the posterior lateral aspect of the
midsole and push-off at peak knee extension (Fellin & Davis, 2007).

2.4. Data Analysis
Ankle joint complex ROM was determined in each sagittal plane position by
averaging both the sagittal and frontal plane angles from three trials. Using these angles,
inversion and eversion boundaries were created by interpolating between the sagittal
plane angles (Figure 4.3). Dynamic joint angles were plotted relative to these boundaries
and the minimum angular distance from the eversion boundary (eversion buffer) was
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averaged over 10 footfalls (Figure 4.4). Using this distance, runners were broken into
three equally sized groups (i.e. large, medium and small buffer; Table 1).

Figure 4.3. Passive inversion and eversion ROM measurements were taken in seven sagittal plane
positions. The AJC’s position during the stance phase of running was then plotted relative to the available
passive ROM.

Figure 4.4. Calculating where the AJC dynamically functions relative its ROM boundary.
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Traditional pronation related variables were also averaged over ten footfalls. These
variables included the AJC’s TD angle, peak eversion, time to peak eversion, total AJC
frontal plane ROM, peak eversion velocity, peak TIR, time to peak TIR, total transverse
tibial motion, peak knee internal rotation (KIR) and time to peak KIR (Table 4.2). The
timing between peak foot pronation, tibial rotation and knee rotation was also evaluated.
Lastly, the eversion to TIR ratio was calculated by dividing the total AJC frontal plane
ROM and the total transverse tibial ROM (EV/TIR) (McClay & Manal, 1997;
Nawoczenski, et al., 1998; Nigg, et al., 1993). Differences were evaluated using a three
way analysis of variance (α=0.05) with speed, injury status and eversion buffer as
between subject factors. All pair wise comparisons were performed using a Tukey’s
multiple comparison tests (α= 0.05). Additionally, the number of healthy and injured
runners falling above different buffer cut-offs were recorded. This was performed to
determine the buffer size in which healthy and injured runners could be statistically
distinguished. Statistical differences were evaluated using a chi-square statistic. All
statistical tests were performed in SAS.
Table 4.2.
Pronation related variable definitions
Variable
TD Angle
Peak Eversion
Time to Peak Eversion (% Stance)
Eversion ROM
Peak Eversion Velocity
Peak TIR
Time to Peak TIR (% Stance)
TIR ROM
Peak KIR
Time to Peak KIR (% Stance)
KIR ROM
Time Peak Ev - Peak TIR
Time Peak Ev - Peak KIR
EV/TIR Ratio

Definition
AJC Angle at touchdown
Peak AJC Eversion Angle
Time from TD to Peak AJC Eversion
AJC TD Angle - Peak Eversion
Peak Eversion Velocity
Peak TIR
Time for TD to Peak TIR/Stance
TIR at TD – Peak TIR
Peak KIR
Time for TD to Peak KIR/Stance
KIR Touchdown Angle – Peak KIR
TT Peak Ev – TT Peak TIR
TT Peak Ev – TT Peak KIR
Eversion ROM/ TIR ROM
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3. Results
3.1. Healthy vs. Injured
No significant interactions between group and speed were noted. Significant
main effects were present, with injured runners demonstrating smaller eversion buffers
than their healthy counterparts (Table 4.3). Similar to previous studies, no significant
differences were noted across most pronation related variables, with the exception of
peak eversion velocity.

3.2 Pronation Related Variables vs. Eversion Buffer
Runners with AKP functioned with significantly smaller eversion buffers than
healthy runners; however, for the most part they did not demonstrate any significant
differences within traditional pronation related variables (Table 4.3). Using a chi –
square analysis, it was found that runners who maintained a buffer of six or more degrees
were significantly more likely to be already injured (Table 4.4). This can be further
appreciated by plotting peak eversion and eversion ROM relative to eversion buffer in
both groups (Figures 4.5 & 4.6). These plots highlight that while traditional pronation
related variables are equally distributed between healthy and injured runners. On the
contrary differences in the eversion buffer were evident between these groups.
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Table 4.3.
Mean pronation related means across healthy and injured runners. Differences
determined using a three way ANOVA (α =0.05)
Healthy (n = 19)
Injured (n =17)
Eversion Buffer
6.25 (0.36)
4.91 (0.39)
Preferred Speed
3.3 (0.07)
3.17 (0.07)
AJC TD Angle
3.28 (0.58)
2.66 (0.63)
AJC Peak Eversion
-7.48 (0.85)
-8.17 (0.92)
AJC Time To Peak Eversion
41.86 (1.74)
38.51 (1.89)
AJC ROM
10.76 (0.68)
10.83 (0.75)
AJC Peak Eversion Velocity
-241.60 (13.75)
-290.68 (14.96)
Peak TIR
-8.52 (1.03)
-7.18 (1.12)
Time To Peak TIR
40.91 (2.6)
41.69 (2.83)
TIR ROM
9.05 (0.71)
8.09 (0.78)
Peak KIR
-10.74 (1.04)
-10.06 (1.13)
Time To Peak KIR
41.98 ( 1.82)
40.65 (1.95)
KIR ROM
9.34 (0.76)
9.29 (0.82)
EV/TIR Ratio
1.57 (0.22)
1.76 (0.24)
Time Peak Ev - Peak TIR
0.95 (2.28)
-3.18 (2.47)
Time Peak Ev - Peak KIR
1.74 (2.81)
-2.15 (3.06)
Note (mean (Standard Error))

were
p-value
0.01
0.17
0.48
0.59
0.20
0.95
0.02
0.38
0.84
0.37
0.66
0.62
0.96
0.56
0.22
0.35

Table 4.4.
The number of healthy and injured runners falling above different buffer cut-offs were
recorded. This was performed to determine the buffer size in which healthy and injured runners
could be statistically distinguished. Differences were evaluated with a chi-square statistic.
Buffer Cut Off (°)
8°
7°
6°
5°
4°
3°
2°
1°
Healthy (n=19)
8
9
11
12
13
13
16
19
Injured (n=17)
1
3
4
7
8
10
13
14
p-value 0.01
0.06
0.04
0.19
0.19
0.55
0.56
0.06
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AJC ROM vs Eversion Buffer
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Figure 4.5. Healthy (o) and injured (x) subjects demonstrated a similar distribution of AJC ROM (x-axis),
however healthy subjects had larger eversion buffers (y-axis). Using a chi-square analysis, a cut-off of 6°
(bold line) was found to significantly separate these groups.
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Figure 4.6. Healthy (o) and injured (x) subjects demonstrated a similar distribution of AJC peak eversion
(x-axis), however healthy subjects had a larger eversion buffer (y-axis). Using a chi-square analysis, a cutoff of 6° (bold line) was found to significantly separate these groups.

3.3 Eversion Buffer
Breaking groups into small, medium and large eversion buffers resulted in three
significantly different groups (Table 4.5). Runners with the smallest buffers reached
peak KIR significantly faster than those with the largest buffers. Additionally, subjects
with small and medium buffers demonstrated significantly less knee transverse plane
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motion during stance. While subjects with the largest eversion buffer had a significantly
faster preferred speed than those with a medium and small buffer there was no speed x
eversion buffer interaction.

Table 5
Pronation related variable means across buffer groups. Differences were determined using a three way ANOVA
(α =0.05) and means separated using a Tukey’s multiple comparisons test (α =0.05) .
Large (n=12)
Medium (n=12)
Small (n=12)
p-value
10.08(0.44) a
5.06 (0.42) b
1.60 (0.42) c
Eversion Buffer
< 0.01
7.55 (0.19) a
6.86 (0.19) b
7.29 (0.18) ab
Preferred Speed
0.05
AJC TD Angle
2.63 (0.72)
4.33 (0.71)
2.47 (0.69)
0.13
AJC Peak Eversion
-9.16 (1.06)
-6.28 (1.03)
-7.79 (1.01)
0.17
AJC Time To Peak Eversion
40.14(2.21)
41.07(2.16)
39.86 (2.12)
0.92
AJC ROM
11.80 (0.85)
10.61 (0.83)
10.26 (0.81)
0.41
AJC Peak Eversion Velocity
-268.08 (17.08)
-266.45 (16.67)
-261.44 (16.33)
0.96
Peak TIR
-8.95 (1.29)
-8.31 (1.26)
-7.47 (1.23)
0.71
Time To Peak TIR
41.00 (3.28)
46.65 (3.20)
38.95 (3.13)
0.22
TIR ROM
9.12 (0.89)
8.52 (0.87)
7.71 (0.85)
0.52
Peak KIR
-11.83 (1.28)
-10.63 (1.25)
-9.28 (1.23)
0.36
48.46 (2.29) a
41.18 (2.16) ab
Time To Peak KIR
35.49 (2.11) b
< 0.01
12.09 (0.97) a
8.11 (0.92) b
8.04 (0.90) b
KIR ROM
< 0.01
EV/TIR Ratio
1.74 (0.29)
1.46 (0.28)
1.99 (0.28)
0.42
Time Peak Ev - Peak TIR
-0.86 (3.04)
-5.58 (2.97)
0.90 (2.91)
0.29
Time Peak Ev - Peak KIR
-4.62 (3.50)
0.15 (3.41)
4.36 (3.34)
0.19
Note (mean (Standard Error))

4. Discussion
It was hypothesized that the percentage of frontal plane motion used at the AJC
may be more critical in the development of AKP in comparison to traditional pronation
related variables. As hypothesized, healthy and injured runners for the most part
presented with no significant differences in traditional pronation related variables, with
the exception of peak eversion velocity. However, injured runners were found to have
significantly smaller eversion buffers. This finding substantiates the possibility that
where the AJC functions relative to its available ROM may be a better indicator of those
with AKP. In fact, it was found that those who maintained a buffer of six or more
degrees were less likely to be in the injured group.
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Traditional pronation variable differences were discovered across buffer groups.
More specifically, those with the smallest buffer presented with the least KIR ROM and
took the least time to reach peak KIR. Additionally, although not significant, the medium
and small buffer groups demonstrated a trend toward having less peak eversion, eversion
ROM, peak TIR, TIR ROM and peak KIR. Although individually these variables did not
reach statistical significance, they display a similar trend of less motion in the small and
medium buffer groups. This pattern could be a result of the eversion tibial coupling
relationship. More specifically, those with small and medium eversion buffers tended to
have less eversion which could have also limited the transverse plane motion of the tibia
and knee. Another potential explanation is that these individuals were generally less
flexible and globally would have had less joint motion.
The calculated eversion buffer value is influenced by both the quantity of motion
available at the joint in addition to its excursion during running. While both can have an
influence on this value, it was the reduction in passive eversion ROM that differentiated
healthy and injured runners (Figure 4.7). Although not statistically significant, a post hoc
analysis revealed that injured runners demonstrated a trend toward less passive eversion
ROM at both 10° and 20° of dorsiflexion (p = 0.12), while there was no difference in
dynamic peak eversion (p = 0.59). Reduced passive eversion ROM was also found to be
the main difference between those with large and small boundaries (Figure 4.8). This
finding of reduced passive eversion ROM is likely a combination of both differences in
bony anatomy as well as the properties and length of the surrounding soft tissue,
however, their contributions could not be determined with this study design.
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AJC Angle Relative to ROM Boundary
Healthy vs. Injured
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Figure 4.7. Dynamic AJC motion of healthy ( ■) and injured (×) runners (2.9 m/s). Both groups
demonstrated similar frontal plane movement profiles, however injured subjects demonstrated a trend
towards reduce passive eversion ROM at both 10 and 20 of dorsiflexion.

AJC Angle Relative To ROM Boundary
Small vs. Large Buffer
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Figure 4.8. Dynamic AJC motion of runners with a large buffer ( ■) and small buffer ×
( ) (2.9 m/s). While
both groups demonstrated similar frontal plane movement profiles, however those with small buffers had
significantly reduce eversion passive ROM from 20° of dorsiflexion to 20° of plantarflexion (p < 0.01).
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Reduced eversion ROM could limit the capability of the AJC to adapt to changes
in the running terrain or attenuate impact forces due to the foot-ground collision. As a
result, proximal joints not inherently designed to accommodate for these terrain changes
would have to adapt to them, possibly increasing their risk of injury. This theory was not
supported; to the contrary, we found that runners with the smallest buffer also had
reduced transverse plane motion at the tibia and the knee indicating that compensations
were not made proximally and therefore it may be that these runners were generally less
flexible. However, it could also be argued that changes at the knee and tibia were not
evident because all running took place on a uniform and level treadmill belt which was
not representative of a true outdoor running environment. Additionally, several healthy
subjects with small eversion buffers were able to run pain free. As stated before, the
development of an overuse injury is multifactorial in nature and it is plausible that these
individuals were able to run with this reduced buffer for a number of reasons including
their running terrain of choice, having adequate strength to control the AJC’s motion
within tight boundaries, or by using the appropriate footwear. In fact, a post hoc analysis
found that several of the healthy subjects who presented with small eversion buffers
habitually used stability footwear designed to limit pronation (Table 4.6). As a result, it
could be postulated this footwear allowed runners to remain injury free by controlling
pronation. In contrary it could also be postulated these runners had less passive eversion
ROM as a result of habitually wearing a shoe that reduced their AJC ROM.
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Table 4.6.
Comparison of eversion buffers between healthy vs. injured subjects and those wearing posted vs. neutral
shoes. Differences were determined using a three way ANOVA with health, shoe and speed as factors
(α =0.05).
Healthy
Injured
P-Value
Neutral
8.32° (0.71, n = 13)
4.01° (0.77, n = 11)
.01
Posted
3.60° (1.19, n = 6 )
4.38° (1.20, n = 6)
.97
P -Value
0.01
0.99
Note (mean (Standard Error))

These findings are partially contradictory to those previously reported. Engsberg
et al. (1996) found pronators and neutral runners to have similar active AJC ROM
profiles, however pronators had more dynamic pronation and as a result exceeded their
eversion boundary by an average of 8.4°, while neutral runners maintained 1.7° buffer.
This study contradicted these findings in several ways; first we found a majority of
subjects stayed within their available passive ROM while running, with only 3 out of the
36, or 8% of subjects exceeding their available motion. In addition, those who did
exceed their eversion boundary did so by less than one degree. These differences are
most likely a result of using passive instead of active ROM to define the eversion
boundary. It is plausible that the subjects in Engsberg et.al. (1996) study were not able to
actively reach end range and therefore their eversion boundary underestimated. Secondly,
we found that a runner’s eversion buffer was more influenced by the eversion ROM
available opposed to the amount a runner pronated.
Clinically, these findings suggest that pronation should be evaluated relative to
the available ROM when evaluating its influence on injury. In those with small eversion
buffers a decision has to be made on whether this small buffer is a result of excessive
dynamic motion or a lack of ROM. This study found that on average injured runners had
similar amounts of dynamic motion, but presented with less ROM. If this lack of ROM is
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due to soft tissue, then a patient may benefit from flexibility and mobilization techniques
targeted at increasing the eversion ROM. In those where the joint’s geometry and bony
structures are the limiting factors, orthotics, stability footwear and strengthening
exercises may have more of an impact on the eversion buffer.
In summary, healthy and injured runners for the most part presented with no
significant differences in traditional pronation related variables, with the exception of
peak eversion velocity. On the other hand, injured runners did utilize a greater
percentage of their available eversion ROM, as a result of having less eversion ROM.
Additionally, those with the smallest eversion buffer reached peak knee internal rotation
significantly earlier during stance and demonstrate less knee transverse plane ROM.
These finding imply that the eversion buffer may be a better indicator of those who are
presently injured and has the potential to be a more sensitive measure when studying the
association between pronation and injury prospectively.
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CHAPTER V
LOWER EXTREMITY COORDINATION OF RUNNERS WITH
ANTERIOR KNEE PAIN
1. Intro duction
With all the health benefits that arise from a regular running routine also comes
the increased risk of musculoskeletal injury. One of the most common injuries reported
amongst runners is anterior knee pain (AKP). While the origin of AKP is multi-factorial,
it is thought by many to be influenced by the coupling between pronation and tibial
internal rotation (TIR) (Buchbinder, et al., 1979; Tiberio, 1987). Traditionally the
coupling between pronation and TIR has been expressed as a ratio between the eversion
(EV) range of motion (ROM) and TIR ROM (EV/TIR) during the loading phase of
stance. Using this method, ratios ranging from 1.1 to 1.8 have been reported
(Nawoczenski, et al., 1998), indicating that the ankle joint complex (AJC) everts more
than the tibia rotates during the first half of stance. While commonly used, a limitation of
this technique is assigning a singular value to this ratio, which is incapable of describing
any changes that may occur over the stance phase.
This limitation can be overcome by analyzing the EV/TIR coupling relationship
continuously over stance using vector coding (Figure 5.1). This technique allows for the
coupling relationship between each data point to be analyzed, providing a more detailed
description of its variation during stance and be related back to traditional calculations.
Ferber et al. (2005) used this technique to investigate a non-homogenous injury
population that contained a small number of AKP runners (2) with nine other runners
with varying injuries. These authors found healthy and injured runners demonstrated a
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similar mean coupling pattern in each quartile of stance. However, qualitatively, injured
runners demonstrated a more variable pattern across the first half of stance, while healthy
runners maintained a consistent coupling relationship. While not statistically evaluated,
this change in coupling could also be of importance as it might indicate that one is
exploring new coordinative patterns as a result of the injury or perhaps to avoid
impairments, such as muscle weakness or inflexibility. Additionally, coordinative
characteristics could be injury specific and the broad injury groups used may have limited
their results.
While the authors above focused on a single coupling relationship, vector coding
techniques were originally used by Heiderscheit et al. (2002) to study several lower
extremity coupling relationships in runners with AKP. These relationships included
transverse plane thigh/leg rotation, sagittal plane thigh/leg rotation, frontal plane
AJC/transverse plane knee rotation, sagittal plane knee/frontal plane AJC rotation, and
sagittal plane knee/AJC rotation. Similar to the authors above, they found no differences
in the coupling pattern between injured and healthy runners over different regions of the
stride cycle. On the other hand, unlike the previous study these authors found injured
runners to have less intra-individual coupling variability in the transverse plane
thigh/tibia relationship. However, while several lower extremity coupling relationships
were examined, these authors did not look at the fontal plane AJC/transverse tibia
coupling relationship, making a comparison difficult.
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Figure 5.1. Angle-angle plot created using the frontal plane motion of the AJC on the x-axis and the
transverse plane motion of the tibia on the y-axis during the stance phase of running (Left). The angle
formed between a vector connecting two adjacent time points and the horizontal was used to describe the
coupling relationship (B). Coupling angles of 90° and 270° indicate that only tibial motion was occurring,
while coupling angles of 0° and 180° would indicate motion only at the AJC. Angles of 225° indicate that
equal amounts of eversion and TIR were taking place.

One advantage of using vector coding techniques is the ability to describe the
coupling relationship between two joint or segments continuously. However, while both
of these studies (Ferber, et al., 2005; Heiderscheit, et al., 2002) calculated this angle
continuously over normalized stance or stride, they statistically analyzed values that were
averaged over discrete regions, eliminating some of the advantages of using a continuous
technique. Theoretically, to maximize the sensitivity of continuous techniques, each
point during normalized stance should be statistically evaluated.
Therefore the purpose of this study was to: 1) compare lower extremity coupling
patterns between healthy runners and those experiencing AKP using vector coding and
traditional techniques; 2) compare intra-subject lower extremity coupling variability
between healthy runners and those experiencing AKP; and 3) compare lower extremity
coupling relationship continuously over stance and over distinct regions of stance. It was
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expected that injured runners will demonstrate significantly different AJC vs. tibial
coupling patterns during the first half of stance and have less intra-subject coupling
variability in the transverse tibia vs. thigh coupling relationship. Lastly, it is
hypothesized that greater differences will be seen when comparing this data continuously
over stance.
2. Methods
2.1. Subjects
Nineteen healthy runners (10 male, 9 female, age 34 ± 10 years; body mass 65.2
± 11.6 kg; and height 1.72 ± 0.09 m) and seventeen runners experiencing AKP (4 male,
13 female, age 29.8 ± 7.2 years; body mass 60.2 ± 7.75 kg; and height 1.63 ± 0.08 m)
participated in this study. All runners were required to have been running more than
eight miles per week for the prior six months, demonstrate a heel-strike foot fall pattern
and have no history of lower extremity surgery. Those experiencing AKP were
evaluated by a licensed physical therapist to: 1) rule out any ligamentous laxity, meniscal
pathology, tendonitis and ITB syndrome, and 2) to confirm that signs and symptoms were
consistent with pain originating from the patellofemoral joint. Prior to participating,
subjects filled out a physical activity readiness questionnaire and signed the informed
consent approved by the subject review committee at the University of Massachusetts.
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2.2. Experimental Protocol and Equipment
Runners were first asked to warm up on the treadmill for approximately 10 – 15
minutes to acclimate themselves to the treadmill (Woodway, Waukesha, WI) and to
determine their preferred running speed (Holt, et al., 1991). Retro-reflective markers
were then placed on the runner and a barefoot standing calibration was captured to define
the orientation of the rearfoot, lower leg and femur local coordinate system (Figure 5.2).
During this calibration, the subject’s feet were positioned to point straight ahead, hip
width apart with the instructions to look straight ahead and keep their knees extended.
Calibration markers were removed and running kinematics captured using the rigid
marker clusters to reduce the influence of soft tissue movement (Manal, et al., 2000).
Subjects were next placed in New Balance 415 neutral running shoes, which had a
modified heel counter allowing the tracking cluster to remain fixed to the calcaneus
across all conditions. This eliminated the error associated with multiple calibration and
marker re-placement. Subjects then ran for 5 minutes at both a standard speed of 2.9 m/s
and their preferred speed. A preferred speed was used to evaluate the mechanics of
runners at a speed that was more representative of their training speed. Using this speed
may provide insight into the mechanics most often used by injured runners those
contributing to the injury. Kinematic data were collected (200Hz) over the final 30
seconds at each speed using an eight-camera motion capture system (Oqus 500, Qualisys,
Gothenburg, Sweden)
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Figure 5.2. Marker set utilized during testing. Calibration markers were placed on bilateral greater
trochanters, medial and lateral joint line of the knee, medial and lateral malleolus, peroneal tuberucle, and
the sustentaculum tali. In addition, the medial and lateral marker of the heel cluster was used to define the
rearfoot segment. Dynamic motion was tracked with marker cluster placed on the lateral femur, lower leg
and calcaneus.

2.3. Data Reduction
Marker trajectories were labeled and gap-filled in Qualisys track manger.
Trajectories were then exported and analyzed in Visual 3D (C-Motion, Germantown,
MD). Raw marker trajectories were smoothed using a 12 Hz fourth order, dual pass, low
pass Butterworth filter. Right handed local coordinate systems were created for the thigh,
lower leg and rearfoot from the standing calibration trial and tracked using the marker
clusters (Figure 5.2). Segment and joint angles were calculated over the stance phase of
gait using a X-y-z (Cole, et al., 1993) rotation sequence. Variables of interest were
analyzed over 10 stance phases, with touchdown defined as the minimum vertical
position of a marker placed on the posterior lateral aspect of the midsole and push-off at
peak knee extension (Fellin & Davis, 2007).
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2.4. Data Analysis
Eversion to TIR coupling ratios were calculated traditionally by dividing the AJC
eversion ROM by the TIR ROM from touchdown to their respective peaks
(Nawoczenski, et al., 1998). Coupling angles were also calculated for five relationships
(Table 5.1) using a vector coding technique previously described (Chang, et al., 2008;
Heiderscheit, et al., 2002). Using this technique, mean coupling angles and intraindividual coupling variability were determined for each normalized time point and each
quartile of stance using circular statistics. Statistical differences in mean coupling angle
between injured and healthy runners were determined using a Watson-Williams test
(Appendix D) (Berens, 2009; Watson & Williams, 1956),which is a circular equivalent to
a one-way analysis of variance (ANOVA). Differences in the EV/TIR ratio and coupling
variability were determined using a traditional one-way ANOVA. All statistical tests
were performed in Matlab (Mathworks, Natick, MA) and were deemed significant at the
p = 0.05 level.
Table 5.1
Intra-limb segment and joint couplings of interest.
Coupling Relationship
X-Axis
1
Rearfoot Eversion/Inversion
2
AJC Eversion/Inversion
3
AJC Eversion/Inversion
4
AJC Eversion/ Inversion
5
Tibial Internal/External Rotation
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Y-Axis
Tibial Internal/External Rotation
Tibial Internal/External Rotation
Knee Internal/External Rotation
Knee Flexion/Extension
Femoral Internal/External Rotation

3. Results
3.1. Healthy vs. Injured Coupling Angle
Overall coupling relationships comparing frontal plane rearfoot and AJC rotation
to transverse tibial and knee rotation consistently demonstrated a pattern of eversion and
internal rotation during first half of stance followed by inversion and external rotation
during the second half of stance (Figures 5.3 & 5.4). Qualitatively, injured runners
changed their coupling pattern earlier during stance resulting in angles that moved more
rapidly towards 270°. This movement resulted in significant differences in the mean
coupling angle between approximately 35 to 50 % of stance in three out of the five
coupling relationships when running at both the preferred and 2.9 m/s speed.
In addition to differences at midstance, significant differences in the tibia vs. thigh
coupling angle were seen in early stance at both speeds. While both groups
demonstrated a pattern of TIR and thigh external rotation in early stance, injured runners
demonstrated relatively more thigh external rotation resulting in smaller coupling angles.
3.2. Healthy vs. Injured Coupling Variability
Qualitatively, a pattern of reduced coupling variability in early stance (5 to 15%) and
an earlier peak in variability at midstance were seen in injured runners across several
relationships (Figures 5.5 & 5.6). While the reduction in variability during early stance
did not reach statistical significance, they did reach statistical significance at midstance
for the rearfoot vs. tibia, AJC vs. tibia, and the AJC vs. transverse plane knee coupling
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relationships when running at the standard speed. A similar trend was seen at the
preferred speed; however, it did not reach a significant level.
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Figure 5.3. Vector coding angle of healthy (●) and injured (×) subjects when running at standard speed.
Plots displaying the angle-angle relationship (column 1, touchdown - ◦), the coupling angle (column 2)
and the p –value (column 3) for each coupling relationship. Statistical differences were determined the
Watson and Williams and significance set at the α = 0.05 (red line).
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Figure 5.4. Vector coding angle of healthy (●) and injured (×) subjects when running at their preferred
speed. Plots displaying the angle-angle relationship (column 1, touchdown - ◦), the coupling angle (column
2) and the p –value (column 3) for each coupling relationship. Statistical differences were determined the
Watson and Williams and significance set at the α = 0.05 (red line).
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Figure 5.5. Coupling variability in healthy (●) and injured (×) subjects when running at the standard
speed. Plots displaying the intra-individual mean coupling angle standard deviation over stance (column 1)
and the p – value (column 2). Statistical differences were determined with a one-way ANOVA and
significance set at the α = 0.05 (red line).
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Figure 5.6. Coupling variability in healthy (●) and injured (×) subjects when running at their preferred
speed. Plots displaying the intra-individual mean coupling angle standard deviation over stance (column 1)
and the p – value (column 2). Statistical differences were determined with a one-way ANOVA and
significance set at the α = 0.05 (red line).
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3.3. Healthy vs. Injured Coupling Angle across Quartiles
When the coupling angles were averaged over the four quartiles of stance fewer
differences were seen between healthy and injured runners (Table 5.2). However,
differences between the thigh and tibia were still present early in stance at the standard
speed (p = 0.02) and preferred speed (p = 0.05). Injured runners had more thigh external
rotation early in stance resulting in an average coupling angle of 130° compared to 160°
of healthy runners. Differences were also seen in the AJC vs. tibia (p=0.05 at standard
speed) and AJC vs. sagittal knee coupling relationship (p=0.03 at preferred speed) as a
result of injured runners changing their coordination pattern earlier during stance.

Table 5.2
Mean coupling angle in healthy and injured runners over each quartile of stance. Statistical significance was
evaluated using a Watson and Williams test which is equivalent to a one-way ANOVA.
Standard S peed
Preferred Speed

RF Fron
vs.
Tib Tran

AJC Fron
vs.
Tib Tran

AJC Fron
vs.
Knee Tran

AJC Fron
vs.
Knee Sag

Tib Tran
vs.
Thigh Tran

Quartile

Healthy

Injured

p-value

Healthy

Injured

p-value

1
2
3
4
1
2

220.41
277.20
16.53
48.31
212.73
205.31

207.89
288.87
24.41
47.86
203.85
247.91

0.26
0.63
0.39
0.97
0.30
0.05

217.19
267.90
19.30
43.28
211.08
218.98

208.68
286.59
26.00
48.16
205.19
259.67

0.42
0.43
0.45
0.73
0.52
0.09

3
4
1
2
3
4
1
2
3
4
1
2
3
4

8.73
37.94
212.75
220.44
30.89
44.45
246.82
173.16
63.08
53.72
165.57
165.99
296.15
341.48

16.07
34.14
206.78
248.03
34.17
31.36
245.91
131.54
63.72
57.12
129.54
199.62
295.88
343.29

0.28
0.70
0.50
0.28
0.61
0.14
0.77
0.08
0.81
0.50
0.02
0.26
0.98
0.90

12.34
36.07
211.29
228.29
33.62
37.91
246.58
177.77
62.52
55.79
160.30
179.64
296.45
349.55

16.56
33.13
209.09
261.34
32.56
30.86
244.71
122.49
62.83
59.45
130.20
205.10
298.01
337.95

0.52
0.77
0.81
0.23
0.86
0.52
0.56
0.03
0.91
0.40
0.05
0.30
0.88
0.48
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3.4. Healthy vs. Injured Coupling Variability Across Quartiles
Differences in variability were only noted in the third quartile of the AJC vs.
sagittal plane knee coupling at both the standard speed (p = 0.02) and the preferred speed
(p=0.03) (Table 5.3).
Table 5.3.
Mean coupling variability in healthy and injured runners over each quartile of the stance phase. Statistical
significance was evaluated using a traditional one-way ANOVA.
Standard S peed
Preferred Speed

RF Fron
vs.
Tib Tran

AJC Fron
vs.
Tib Tran

AJC Fron
vs.
Knee Tran

AJC Fron
vs.
Knee Sag

Tib Tran
vs.
Thigh Tran

Quartile

Healthy

Injured

p-value

Healthy

Injured

p-value

1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

35.52
46.60
28.44
30.19
33.15
47.96
23.69
23.21
34.65
46.25
23.95
26.67
14.99
54.80
9.35
16.63
37.87
53.37
29.89
36.00

34.17
48.83
28.54
28.53
29.90
50.51
21.61
23.26
34.99
55.11
21.46
29.95
15.70
60.16
6.12
16.73
38.19
51.85
31.40
39.75

0.79
0.73
0.98
0.82
0.50
0.67
0.52
0.99
0.94
0.13
0.47
0.58
0.68
0.14
0.02
0.95
0.95
0.77
0.74
0.50

33.01
45.19
27.53
30.26
30.18
44.94
23.65
22.58
29.79
43.79
21.83
29.50
13.99
55.37
9.38
16.29
37.31
50.12
26.78
37.84

29.78
46.70
27.68
30.54
27.48
47.72
21.44
24.42
31.09
52.44
22.95
31.64
15.34
60.74
6.05
16.78
35.47
50.73
30.79
41.66

0.54
0.79
0.97
0.97
0.56
0.63
0.49
0.78
0.75
0.13
0.75
0.71
0.44
0.13
0.03
0.74
0.73
0.90
0.34
0.49

3.5. Healthy vs. Injured Coupling Variability During the first 10 and 15% of stance
Variability was also averaged over the first 10 and 15% to facilitate comparisons to
previous studies. Similar to the quartile analysis, no significant differences in variability
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were noted over the first 10 and 15 % of stance at the standard speed (Table 5.4) and the
preferred speed (Table 5.5).

Table 5.4.
Mean coupling variability over the first 10 and 15% of stance when running at the standard speed.
Statistical differences were determined using a one-way ANOVA (α =0.05)
Standard S peed (2.9 m/s)
10 %
15 %
RF vs. Ti b
AJC vs. Ti b
AJC vs. Knee Tran
AJC vs. Knee Sag
Tib vs. Thigh
Preferred Speed
RF vs. Ti b
AJC vs. Ti b
AJC vs. Knee Tran
AJC vs. Knee Sag
Tib vs. Thigh

Healthy

Injured

P

Healthy

Injured

P

12.16
10.80
13.28
5.65
20.67
10.61
9.29
11.04
5.54
19.91

10.27
8.75
10.13
5.09
19.54
9.53
8.27
9.81
4.81
20.13

0.50
0.39
0.28
0.56
0.78
0.58
0.54
0.49
0.39
0.96

12.82
11.77
14.12
5.13
20.68
10.80
9.87
11.45
5.10
18.97

11.81
10.34
12.27
4.91
18.75
10.70
9.25
10.82
4.57
18.39

0.69
0.53
0.51
0.78
0.61
0.95
0.70
0.72
0.46
0.87

3.6. AJC Eversion vs. TIR Coupling Angle over the First Half of Stance
Significant differences in the EV/TIR coupling relationship were noted between
healthy and injured runners during the loading phase of stance (Table 5.7). When
running at a standard speed, healthy runners had a consistent coupling angle during the
first and second quartiles of stance (p = 0.66). In contrast, injured runners had a highly
significant difference in their EV/TIR coupling relationship during the first and second
quarters of stance (p < 0.01). While differences were seen using vector coding
techniques, no significant differences were noted when comparing EV/TIR ratio
calculated using traditional methods (Healthy EV/TIR Ratio = 1.62, Injured EV/TIR
Ratio = 1.85, p –value =0.56).
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Table 5.5
Mean coupling angle over the first and second quartiles of the stance phase. Statistical differences were
determined using a Watson and Williams test (α = 0.05)
Quartile

Healthy

Injured

AJC Fron

1

212.73

203.85

vs.

2

205.31

247.91

Tib Tran

p - value

0.66

<0.01

4. Discussion
The goal of this study was to evaluate the lower extremity coordination of individuals
with and without AKP. Qualitatively, injured runners changed their coupling pattern
earlier in stance compared to healthy runners, particularly in relationships that included
the AJC. This led to statistically significant differences in the mean coupling angle
between 35 to 50% of stance. Using this data set, a previous study found injured runners
to use a greater percentage of the eversion ROM available to them. Therefore, it is
plausible that injured runners chose to change their coordination pattern earlier during
stance to accommodate for this reduction in AJC ROM.
When looking specifically at the frontal plane AJC vs. transverse tibia relationship
(i.e. EV/TIR),both groups demonstrated mean coupling angles of 200 to 220° prior to
changing their coupling pattern. If converted to an EV/TIR ratio, these coupling angles
would represent EV/TIR ratios between 2.7 to 1.2. Generally speaking, the coupling
angle was closer to 200° early in stance and moved towards 220° as one approached
midstance, indicating that 1° of eversion resulted in more TIR the closer it occurred to
midstance. Similar to Ferber et al. (2005), we found that this mean pattern changed
significantly more over the first half of stance in the injured runners (Table 5.4). In the
first quartile, injured runners had a coupling angle of 205° or an EV/TIR ratio of 2.15.
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This angle changed significantly in the second quartile of stance to an angle of 255° or an
EV/TIR ratio of 0.27. This finding was again likely a result of the coordination pattern
changing earlier during stance in injured runners.
Earlier in stance, differences in the coupling between the thigh and tibia were also
evident. Generally, the tibia was found to internally rotate while the thigh externally
rotated, leading to coupling angles between 90° and 180°. However, injured runners had
angles closer to 90°, indicating they had relatively greater thigh external rotation. This
finding is similar to those of Heiderscheit et al. (2000) who also found the thigh to
externally rotate in runners early in the stance phase. It is plausible that injured runners
externally rotated the thigh earlier in stance as a means to control pronation, particularly
because these runners were found to have a lack of AJC ROM. The ability of the hip to
control foot pronation has been supported by the findings of Snyder et al. (2009), who
reported that runners who went through a six week hip strengthening program presented
with reduced pronation ROM.
Coupling variability is commonly seen at times where joints and segments are
reversing their directions. This variability is a result of the increased demands placed on
the neuromuscular system as the coordinative pattern is changing. In this study,
coordinative timing differences were seen between injured and healthy runners in the
AJC vs. transverse tibia, AJC vs. transverse knee and AJC vs. sagittal plane coupling
relationship when running at both speeds. In all these relationships, injured runners
change their coupling pattern earlier in stance. As a result of this timing disparity,
significant differences in intra-individual coupling variability were also seen in these
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relationships, with injured runners demonstrating an earlier peak. While the trend was
present in all these relationships, it only reached statistical significance in the AJC vs.
transverse tibia and AJC vs. transverse knee coupling relationships when running at the
standard speed.
Contrary to previous studies, no statistical differences in coupling variability were
noted in early stance. Heiderscheit et al.(2002) reported that runners experiencing AKP
presented with reduced coupling variability in the tibia vs. thigh coupling relationship
when averaged over a interval that include the last 10% of swing and the first 10% of
stance. In this study, although a pattern of reduced variability was qualitatively evident,
it did not reach statistical significance when analyzed over normalized stance or when
broken into quartiles. Similar results were also found when variability was analyzed over
the first 10 and 15% of stance (Table 5.4).
The most appropriate way to analyze this continuous data remains debatable, with
each having their advantages. Continuous methods appear to be more sensitive to
differences in timing and to smaller fluctuations. On the contrary, averaging data over
different regions of stance is likely more sensitive to differences that are present over
larger percentages stance.
In summary, runners experiencing AKP change their mean coupling pattern earlier
during stance, particularly when looking at relationships that include the AJC. These
timing differences also caused the intra-individual coupling variability to peak earlier in
injured runners. This earlier change in coordination and coordination variability is likely
a result of injured runners having a smaller eversion buffer or less eversion ROM. It’s
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feasible the body looked for new coordinative patterns as the AJC reached end range to
protect the surrounding soft tissue. Differences in coordinative variables were most
evident when analyzing data at each normalized time point, indicating that this technique
may be more sensitive in detecting timing differences between groups compared to
analyzing data over regions of stance. Lastly, the coupling between the AJC eversion and
TIR varied substantially during the loading phase of stance. While these differences
were detected using both continuous methods and when quartiles were analyzed, they
were not uncovered when using the traditional EV/TIR ratio calculation.
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CHAPTER VI
EFFECTS OF ORTHOTICS ON PRONATION RELATED VARIABLES
AND LOWER EXTREMITY COORDINATION IN RUNNERS
EXPERIENCING ANTERIOR KNEE PAIN
1. Intro duction
Anterior knee pain (AKP) is one of the most common injuries amongst runners (Lun,
et al., 2004). It is thought by many to be influenced by “excessive” and/or “prolonged”
pronation because of its effect on tibial internal rotation (TIR) (Buchbinder, et al., 1979;
Tiberio, 1987). The timing and quantity of TIR is believed to disrupt the
arthrokinematics of the tibiofemoral joint, particularly as the knee begins to extend.
Consequently, the thigh and hip are believed to compensate for the excessive TIR in
order to preserve the kinematics of the tibio-femoral joint. While this compensatory
strategy maintains the arthrokinematics of the tibiofemoral joint, they are thought to
change those of the patellofemoral joint, placing greater than normal stress and strain on
the cartilage and surrounding soft tissue which leads to the development of AKP.
While this injury paradigm is widely accepted, epidemiological and
biomechanical studies do not consistently find that the quantity or timing of pronation is
linked with AKP (Hetsroni, et al., 2006; Kaufman, et al., 1999; Levinger & Gilleard,
2007; Lun, et al., 2004; Messier, et al., 1991; Powers, et al., 2002; Walter, et al., 1989).
In contrast, orthotic studies consistently demonstrate the ability to reduce pain and
improve the function in those experiencing AKP (Amell, et al., 2000; Eng &
Pierrynowski, 1993; Saxena & Haddad, 2003). These improvements are generally
presumed to be the result of controlling foot pronation, in turn improving the mechanics
and coordination of the knee. Nevertheless, orthotics have not been consistently shown
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to control foot or tibial motion (MacLean, et al., 2006; Williams, et al., 2003). Therefore,
although orthotics have been shown to be effective in decreasing pain and function, the
mechanism in which they bring about these changes remains debatable.
Recent work has suggested that the quantity of pronation may not be as important
as the percentage of the available motion that is utilized. The study presented in chapter
four found that, on average, healthy runners training in neutral footwear maintained an
8.3° buffer from their eversion range of motion (ROM) boundary, while injured runners
maintained a 4.9° buffer. More interestingly, there were several healthy runners training
in stability shoes, which are designed to limit foot pronation, who displayed eversion
buffers similar to those of injured runners. These authors suggested that these healthy
runners with smaller eversion buffers were able to continue running pain free as a result
of the stability shoe controlling their foot pronation and subsequently increasing their
eversion buffer. Therefore it is plausible that orthotics effects on AKP are brought about
via this same mechanism.
The coordination of the lower extremity has also received some attention as a
potential source of AKP. Using continuous relative phase, Hamill et al. (1999) originally
reported that injured runners demonstrated reduced coupling variability relative to their
healthy counterparts when running. This reduction in variability was primarily seen in
the coupling between the transverse plane motion of the thigh and tibia. These authors
hypothesized that this reduction in variability could be indicative of a repetitive
movement pattern which could be placing excessive stress on the same tissue and leading
to injury. These findings have been supported by Heiderscheit et al. (2002), who also
reported a reduction in coupling variability in late swing to early stance when using a
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vector coding technique. Interestingly, these authors found the coupling variability in
some relationships increased, and more closely resembled those of healthy runners when
the patellofemoral joint was treated with a taping technique. These studies indicate that
while the coupling between segments and joints were not different for injured or healthy
runners, the variability in these relationships may provide some insight into the
mechanics leading to AKP.
Vector coding techniques have been utilized to study the effect of orthotics on the
coupling and coupling variability of healthy and injured runners. Ferber et al. (2005)
compared the coupling of the rearfoot and tibial segments of injured runners who had
been successfully treated with orthotics to those of healthy runners. Similar to previous
studies, these authors found no difference in the coupling pattern of injured or healthy
runners; however, unlike previous authors they also found no differences in coordination
variability. Additionally they found that orthotics had no effect on these coordination
variables. These findings may differ from other studies because the authors included a
variety of different diagnoses in their injured group, containing only a small number of
runners with AKP. It is feasible that coordination patterns are injury specific and using
broad injury population may have made it difficult to detect differences between groups.
Furthermore, previous reports only found a reduction in the transverse plane variability
between the tibia and thigh which was not evaluated in this study.
The purpose of this study was to evaluate: 1) the effects of orthotics on the
eversion buffer of injured runners, and 2) the effects orthotics have on the coupling
behavior of the lower extremity. It was hypothesized that orthotics will increase the
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eversion buffer of injured runners and increase the variability of the transverse plane
coupling of the thigh and tibia.
2. Methods
2.1. Subjects
Nineteen healthy runners (10 male, 9 female, age 34 ± 10 years; body mass 65.2
11.6 ± kg; and height 1.72 ± 0.09) m) and seventeen runners experiencing AKP (4 male,
13 female, age, 29.8 ± 7.2 years; body mass 60.2 ± 7.75 kg; and height 1.63± 0.08 m)
participated in this study. All runners were required to have been running 8+ miles per
week for the prior 6 months, demonstrate a heel-strike foot fall pattern and have no
history of lower extremity surgery. Those experiencing AKP were evaluated by a
licensed physical therapist to: 1) rule out any ligamentous laxity, meniscal pathology,
tendonitis and ITB syndrome, and 2) to confirm that signs and symptoms were consistent
with pain originating from the patellofemoral joint. Prior to participating, subjects filled
out a physical activity readiness questionnaire and signed the informed consent approved
by the subject review committee at the University of Massachusetts.

2.2. Experimental Protocol and Equipment
Runners were first asked to warm up on the treadmill for approximately 10 – 15
minutes to acclimate themselves to the treadmill (Woodway, Waukesha, WI) and to
loosen up the AJC to ensure that its full range of motion could be measured. They were
then taken though a series of gastrocnemius and soleus stretches followed by ankle
circles. Reflective tracking marker clusters were placed directly on the calcaneus and
lower leg (Figure 6.1). Runners were next positioned in a custom made ROM device

128

designed to passively move the AJC into inversion and eversion in multiple sagittal plane
positions while still allowing translation in all three planes (Figure 6.2). Once inside the
device, the foot was positioned so that the heel and second metatarsal head bisected the
foot platform and the sagittal plane axis bisected the medial and lateral malleoli. With
the aid of a laser level, the platform carriage was moved to align the tibia vertically in
both the frontal and sagittal plane. The foot and tibia were then secured in place with
Velcro straps and braces. A 100 N compressive load was then applied to the long axis of
the tibia.

Figure 6.1. Marker set utilized during testing. Calibration markers were placed on bilateral greater
trochanters, medial and lateral joint line of the knee, medial and lateral malleolus, peroneal tuberucle, and
the sustentaculum tali. In addition, the medial and lateral marker of the heel cluster was used to define the
rearfoot segment. Dynamic motion was tracked with marker cluster placed on the lateral femur, lower leg
and calcaneus.

Once secured in the device, dorsiflexion ROM was recorded by passively moving
the foot carriage to end range. Passive frontal plane ROM was then measured in seven
sagittal plane positions, ranging from approximately 40° of plantarflexion to the recorded
maximum dorsiflexion. In each sagittal plane position, three inversion and eversion
ROM measurements were recorded with an eight camera motion capture system
(Qualisys, Gothenburg, Sweden). This was accomplished by applying a passive torque to
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the shaft of the frontal plane axis using a torque wrench. The goal was to apply a 10 N. m
torque to the AJC, therefore the torque applied via the wrench varied based on the
platform height, and the sagittal and frontal plane position of the foot carriage (Applied
Torque = 10 N. m + Resistance of foot carriage).

Figure 6.2. Device utilized to passively move the AJC through its ROM. This device allowed for a
passive torque to be applied along the frontal and sagittal plane axes, while allowing for translation in all
three planes.

Once all ROM measurements were recorded, subjects exited the device and the
remaining tracking and calibration markers were positioned (Figure 6.1). A barefoot
standing calibration was then captured and used to define the orientation of the
coordinate system for the rearfoot, lower leg and femur (Figure 6.1). During this
calibration, feet were positioned to point straight ahead, hip width apart and runners were
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instructed to look straight ahead with their knees extended. Calibration markers were
removed and running kinematics captured using the rigid marker clusters to reduce the
influence of soft tissue movement (Manal, et al., 2000). Subjects were next placed in
New Balance 415 neutral running shoes with a modified heel counter to allow the
tracking cluster to remain fixed to the calcaneus across all conditions. This eliminated
the error associated with multiple calibration and marker re-placement. Subjects then ran
for approximately 5 minutes at 2.9 m/s both with and without an orthotics (randomized).
A modified over the counter orthotic was utilized (New Balance Athletic Shoe Inc.,
Boston, MA). This orthotic was modified using four degree rubber molded wedges
(AliMed Inc., Dedham, MA) in the rearfoot and forefoot. Kinematic data were collected
(200 Hz) over the final 30 seconds in each condition.

2.3. Data Reduction
Marker trajectories from the ROM and running trials were processed and
analyzed in Visual 3D (C-Motion, Germantown, MD). Raw marker trajectories were
first smoothed using a 12 Hz dual pass, fourth order, low pass Butterworth filter. Right
handed local coordinate systems were created for the thigh, lower leg and rearfoot from
the standing calibration trial and tracked using the tracking marker clusters (Figure 1).
Segment and joint angles were calculated using Cardan angles with an X-y-z (Cole, et al.,
1993) rotation sequence. Variables of interest were analyzed during the stance, with
touchdown (TD) defined as the minimum vertical position of a marker placed on the
posterior lateral aspect of the midsole and push-off at peak knee extension (Fellin &
Davis, 2007)
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2.4. Data Analysis
Frontal plane ankle joint complex (AJC) ROM was determined in each of the predetermined sagittal plane positions by averaging both the sagittal and frontal plane angles
from three trials. Using these angles, inversion and eversion boundaries were created by
interpolating between the sagittal plane angles (Figure 6.3). Dynamic joint angles were
plotted relative to these boundaries and the minimum angular distance from the eversion
boundary (eversion buffer) was averaged over 10 footfalls (Figure 4).

Figure 6.3. Passive inversion and eversion ROM measurements were taken in seven sagittal plane
positions. The AJC’s position during the stance phase of running was then plotted relative to the available
passive ROM.
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Figure 6.4. Calculating where the AJC dynamically functions relative its ROM boundary.

Discrete pronation related variables were averaged over ten footfalls. Variables
of interest included the AJC’s eversion angle at TD , peak eversion, time to peak
eversion, total AJC frontal plane ROM, peak eversion velocity, peak TIR, time to peak
TIR, TIR ROM, peak knee internal rotation (KIR) and time to peak KIR. Lastly, the
eversion to TIR ratio was calculated by dividing the total AJC frontal plane ROM and the
total transverse tibial ROM (EV/TIR) (McClay & Manal, 1997; Nawoczenski, et al.,
1998; Nigg, et al., 1993). Differences in pronation related variables were evaluated using
a two way analysis of variance (ANOVA), with health and orthotic condition as factors.
Lower extremity coordination was evaluated for five relationships (Table 6.1)
using vector coding (Chang, et al., 2008; Heiderscheit, et al., 2002). Using this
technique, individual mean coupling angles and intra-individual coupling variability were
determined for each normalized time point during stance. Statistical differences in the
mean coupling angles were evaluated at each normalized time point using a Watson133

Williams test (Appendix D) (Berens, 2009; Watson & Williams, 1956), which is a
circular equivalent to a one-way ANOVA. Differences in coupling variability were
determined using a traditional one-way ANOVA. Statistical test were utilized to evaluate
differences between 1) healthy and injured runner when not wearing orthotics, and 2)
differences between healthy runners without orthotics and injured runners with orthotics.
Statistical tests performed on coupling variables were performed in Matlab (Mathworks,
Natick, MA). A study wide p-value was set to 0.05 for all statistical tests.
Table 6.1.
Intra-limb segment and joint couplings of interest
Coupling Relationship
X-Axis
1
Rearfoot Eversion/Inversion
2
AJC Eversion/Inversion
3
AJC Eversion/Inversion
4
AJC Eversion/ Inversion
5
Tibial Internal/External Rotation

Y-Axis
Tibial Internal/External Rotation
Tibial Internal/External Rotation
Knee Internal/External Rotation
Knee Flexion/Extension
Femoral Internal/External Rotation

3. Results
3.1. Discrete Kinematic Variables
No interactions between health status and orthotics were noted; therefore data was
pooled to compare differences between orthotic conditions. Orthotics placed the AJC in
a more inverted position throughout stance. This resulted in a significantly more inverted
foot at TD and a reduction in peak eversion. As a result, orthotics increased the AJC
eversion buffer by 3.4° (Table 6.2). In addition, orthotics reduced the AJC’s peak
eversion velocity. No differences were seen at the tibia or knee (Table 6.3).
Table 6.2.
Mean eversion buffer in healthy and injured runners with and without orthotics.
Statistical differences were determined using a two-way ANOVA (α =0.05).
There was no interaction between health and orthotic.
Eversion Buffer (°)
No Ortho
Ortho
Difference
Healthy
-7.22 (0.98)
-10.68 (0.98)
3.46
Injured
-4.18 (1.04)
-7.60 (1.04)
3.42
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Table 6.3.
Pronation related variable means with and without orthotics. Statistical
differences were determined using a two-way ANOVA (α =0.05). There was no
interaction between health and orthotic and therefore data were pooled.
No Ortho
Ortho
p-value
Eversion Buffer
-5.70 (0.71)
-9.14 (0.71)
< 0.01
AJC TD Angle
2.97 (0.61)
5.29 (0.61)
< 0.01
AJC Peak Eversion
-7.64 (0.76)
-4.04 (0.76)
< 0.01
AJC Time To Peak Eversion
40.45 (1.84)
40.11 (1.84)
0.90
AJC ROM
10.61 (0.65)
9.33 (0.65)
0.16
AJC Peak Eversion Velocity
-257.57 (12.20) -208.74 (12.20)
< 0.01
Peak TIR
-8.37 (0.96)
-8.01 (0.96)
0.79
Time To Peak TIR
42.31 (2.62)
43.58 (2.62)
0.73
Transverse Tibial ROM
8.18 (0.63)
8.01 (0.63)
0.85
Peak KIR
-10.64 (1.01)
-11.05 (1.01)
0.78
Time To Peak KIR
40.88 (1.98)
41.06 (1.98)
0.95
Transverse Plane Knee ROM
9.12 (0.77)
9.88 (0.77)
0.49
EV/TIR Ratio
1.74 (0.26)
1.63 (0.26)
0.76

3.2. Mean Coupling Angle
Injured runners qualitatively presented with a different coupling pattern, particularly
when looking at relationships that included the AJC. More specifically, injured runners
moved towards a coupling angle of 270° at midstance in relationships that include frontal
plane motion of the AJC and RF relative to transverse plane motion of the knee and tibia.
In other words, these runners used a coordinative pattern consisting of relatively more
TIR/KIR than AJC/RF EV as they approached midstance (Figures 6.6 – 6.8 –TOP). In
addition, injured runners changed their coupling pattern earlier in stance. These
characteristics lead to statistically significant differences for relationships that include the
AJC (Figures 6.6 – 6.8 –TOP). Statistical differences were also noted early in stance
between injured and healthy runners in the tibia vs. thigh coupling angle (Figure 6.9 –
TOP).
Similar differences were present when comparing the coupling pattern of healthy
runners without orthotics to those of injured runners with and without orthotics.
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Therefore orthotics had a minimal effect in normalizing the coordinative pattern of
injured runners closer to that of healthy runners (Figures 6.5 – 6.9). More specifically,
the differences seen both in early and midstance were still present when comparing the
coupling pattern of injured runners with orthotics to those of healthy runners without
orthotics (Figures 6.5 – 6.9) .

Figure 6.5. Coupling of frontal plane rearfoot motion and transverse plane motion of the tibia in healthy
(●) and injured (*) runners without orthotics (top) and healthy runners without orthotics vs. injured
runners with orthotics (bottom). Plots displaying the angle-angle relationship (column 1, touchdown - ◦),
the coupling angle (column 2) and the p –value (column 3). Statistical differences were determined the
Watson and Williams and significance set at α = 0.05 (red line).
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Figure 6.6. Coupling of frontal plane AJC motion and transverse plane motion of the tibia in healthy (●)
and injured (*) runners without orthotics (top) and healthy runners without orthotics vs. injured runners
with orthotics (bottom). Plots displaying the angle-angle relationship (column 1, touchdown - ◦), the
coupling angle (column 2) and the p –value (column 3). Statistical differences were determined the Watson
and Williams and significance set at α = 0.05 (red line).

Figure 6.7. Coupling of frontal plane AJC motion and transverse plane motion of the knee in healthy (●)
and injured (*) runners without orthotics (top) and healthy runners without orthotics vs. injured runners
with orthotics (bottom). Plots displaying the angle-angle relationship (column 1, touchdown - ◦), the
coupling angle (column 2) and the p –value (column 3). Statistical differences were determined the Watson
and Williams and significance set at α = 0.05 (red line).
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Figure 6.8. Coupling of frontal plane AJC motion and sagittal plane motion of the knee in healthy (●) and
injured (*) runners without orthotics (top) and healthy runners without orthotics vs. injured runners with
orthotics (bottom). Plots displaying the angle-angle relationship (column 1, touchdown - ◦), the coupling
angle (column 2) and the p –value (column 3). Statistical differences were determined the Watson and
Williams and significance set at α = 0.05 (red line).

Figure 6.9. Coupling of transverse plane motion of the tibia and thigh in healthy (●) and injured (*)
runners without orthotics (top) and healthy runners without orthotics vs. injured runners with orthotics
(bottom). Plots displaying the angle-angle relationship (column 1, touchdown - ◦), the coupling angle
(column 2) and the p –value (column 3). Statistical differences were determined the Watson and Williams
and significance set at α = 0.05 (red line).
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3.3.Coupling Variability
Injured runners demonstrated a pattern of reduced coupling variability early in stance
(5 to 15%) across all relationship when not wearing orthotics (Figures 6.10 – 6.14, TOP).
While not statistically significant, these differences were present across all coupling
relationships. The reduction in coupling variability was eliminated when injured
individuals ran with orthotics. Again, while these differences were not statistically
significant, the same trend was present across all relationships (Figures 6.10 – 6.14,
TOP).
In addition, injured runners demonstrated a trend toward an earlier peak in variability
at midstance in coupling relationships that included the rearfoot and AJC when running
without orthotics (Figures 6.10 – 6.14, TOP). This pattern resulted in statistically
significant differences for the RF vs. tibia, AJC vs. tibia, and AJC vs. transverse plane
knee motion. A pattern was also evident in the AJC vs. sagittal plane knee motion;
however this did not reach statistical significance. When wearing orthotics these
differences were generally reduced, as orthotics prolonged the duration of time in which
variability increased (Figures 6.10 – 6.14, BOTTOM). These characteristics eliminated
the previous statistically significant differences between the AJC vs. tibia and the AJC vs.
transverse plane motion at the knee; however the previous trends were still present.
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Figure 6.10. Coupling variability of frontal plane rearfoot motion and transverse plane motion of the tibia
in healthy (●) and injured (*) runners without orthotics (top) and healthy runners without orthotics vs.
injured runners with orthotics (bottom). Plots displaying the coupling variability (Right) and the p –value
(Left). Statistical differences were determined with a traditional one-way ANOVA and significance set at α
= 0.05 (red line).

Figure 6.11. Coupling variability of frontal plane AJC motion and transverse plane motion of the tibia in
healthy (●) and injured (*) runners without orthotics (top) and healthy runners without orthotics vs. injured
runners with orthotics (bottom). Plots displaying the coupling variability (Right) and the p –value (Left).
Statistical differences were determined with a traditional one-way ANOVA and significance set at α = 0.05
(red line).
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Figure 6.12. Coupling variability of frontal plane AJC motion and transverse plane motion of the knee in
healthy (●) and injured (*) runners without orthotics (top) and healthy runners without orthotics vs. injured
runners with orthotics (bottom). Plots displaying the coupling variability (Right) and the p –value (Left).
Statistical differences were determined with a traditional one-way ANOVA and significance set at α = 0.05
(red line).

Figure 6.13. Coupling variability of frontal plane AJC motion and sagittal plane motion of the tibia in
healthy (●) and injured (*) runners without orthotics (top) and healthy runners without orthotics vs. injured
runners with orthotics (bottom). Plots displaying the coupling variability (Right) and the p –value (Left).
Statistical differences were determined with a traditional one-way ANOVA and significance set at the α =
0.05 (red line).
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Figure 6.14. Coupling variability of the transverse plane motion of the tibia and thigh in healthy (●) and
injured (*) runners without orthotics (top) and healthy runners without orthotics vs. injured runners with
orthotics (bottom). Plots displaying the coupling variability (Right) and the p –value (Left). Statistical
differences were determined with a traditional one-way ANOVA and significance set at the α = 0.05 (red
line).

4. Discussion
The purpose of this study was to evaluate the effects of orthotics on the eversion
buffer and lower extremity coordination in runners with AKP. Recent work has found
runners with AKP to have smaller eversion buffers compared to their healthy
counterparts; therefore the effect of orthotics on this eversion buffer was of interest. This
study provides evidence that orthotics can effectively control the kinematics of the AJC
and increase the eversion buffer. This was accomplished by putting the foot in a more
inverted position throughout stance, leading to a more inverted touchdown position,
reduced peak eversion, and reduced frontal plane AJC ROM. Additionally, orthotics led
to reduced peak eversion velocities. More surprisingly and in contrast to previous
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orthotic studies, these differences were consistently seen across all runners. This
discrepancy is likely due to several methodological differences. First, as a result of the
modifications made to the footwear used, tracking markers were not removed between
conditions. This eliminated the error associated with marker replacement and multiple
calibrations. Secondly, markers were placed directly on the calcaneus allowing for its
movement to be directly tracked, eliminating the discrepancy between the movement of
the shoe’s heel counter and the calcaneus. Lastly, as a result of the shoe modifications,
the heel counter of the shoe was not completely sacrificed and could capture the
combined effects of the orthotic and heel counter.
While significant kinematic differences were noted at the AJC, orthotics did not
appear to have any influence on tibial or knee kinematics. These findings are similar to
those of MacClean et al. (2006), who found that while orthotics influenced the AJC they
did not affect the mechanics of the tibia. These findings question the tightness of the
coupling between the STJ and tibial rotation. If these motions were tightly coupled one
would have expected the changes that took place at the AJC would have also influenced
the rotation of the tibia and the knee. The coupling between these segments are thought
to occur acoss the talcrural joint, which is believed to have little to no transverse plane
motion. As a result, as the STJ pronates, the talus adducts and the tibia is driven into
internal rotation (Tiberio, 1987). However, several authors have also demonstrated that
substantial transverse plane motion is available at the talocural joint. This transverse
plane motion may be why these changes at the AJC are not transferred up the kinematic
chain (Arndt, et al., 2007; McCullough & Burge, 1980; Rasmussen & Tovberg-Jensen,
1982). An alternative explanation is that motion at the knee and tibia are more influenced
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by the movement of the hip and thigh and less affected by the position of the AJC
(Snyder, et al., 2009).
The coupling behavior of several lower extremity joints and segments has also
been implicated in the development of AKP. The study present in chapter five
demonstrated that injured runners with smaller eversion buffers tended to change their
coordinative pattern earlier during stance, particularly in relationships that include the
AJC and rearfoot. More specifically, they utilized a coordinative pattern consisting of
relatively greater TIR/KIR than AJC/RF EV as they approached midstance. This earlier
change in coordination could be a result of these injured runners exhausting their
available motion and changing their movement pattern to one that requires less motion at
the AJC. This pattern could conceivably place increased stress on a runner’s knee as the
tibia/knee continues to internally rotate while the AJC/RF reduces the amount it pronates.
Orthotics successfully increased the eversion buffer of injured runners, therefore,
it was expected that it would also move their coordinative pattern toward that of healthy
runners. This hypothesis, however, was not supported, as orthotics did not have a large
effect on the coordination differences between healthy and injured runners. This could
be a result of using hard rubber molded wedges. While these wedges were effective at
reducing peak eversion they also may have limited the AJCs ROM. Consequently, this
reduction in ROM could have impaired the ability of the AJC to rotate during the loading
phase. However, this may not have been the case for runners using stability footwear,
where different hardness foams are used to control foot pronation; using such materials
may resist pronation and improve foot posture, however still compress enough to allow
the AJC to rotate.
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Intra-subject coupling variability has also been implicated in the development of
AKP, with injured runners presenting with reduced coupling variability early in stance
AKP (Hamill, et al., 1999; Heiderscheit, et al., 2002). These findings were partially
supported by this study. While not statistically significant, injured runners demonstrated
a reduction in coupling variability early in stance in all relationships. Additionally, this
pattern was eliminated when injured runners wore orthotics as a result of increased
variability. Therefore, while not statistically significant, the fact that this pattern was
seen in all the relationships and responded similarly to an orthotic intervention, merits
attention.
Differences in coupling variability were seen at midstance with injured runners
typically displaying an earlier peak in variability across all relationships. This is a result
of the lower extremity transitioning from a loading pattern to a propulsive pattern at
midstance. In general, injured runners were found to change between these patterns
earlier during stance, resulting in earlier peaks in variability. Qualitatively, orthotics
lengthened the duration and reduced the magnitude of the variability peak at midstance.
These characteristics eliminated the previous statistically significant differences between
the AJC vs. tibia, and the AJC vs. transverse plane motion at the knee.
In summary, orthotics successfully controlled the kinematics of the AJC and
increased eversion buffer of injured runners; however, they did not influence kinematics
of the tibia and knee. These kinematic changes did not have a strong impact on the
coordinative patterns of the lower extremity, however demonstrated a trend toward being
able to influence the intra-individual coupling variability. These finding suggest that
orthotics are effective as a result of placing the AJC in a more inverted position and
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increasing the coordinative variability of the frontal plane motion of the AJC and
transverse plane motion of the tibia and knee.
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CHAPTER VII
EFFECTS OF ORTHOTICS ON PRONATION RELATED VARIABLES
AND LOWER EXTREMITY COORDINATION IN RUNNERS UTILIZING A
LARGER PERCENTAGE OF THEIR AVAILABLE RANGE OF MOTION
1. Introduction
Foot pronation has been postulated to be a risk factor in a number of lower
extremity injuries. It is believed that in the presence of “excessive” or “delayed”
pronation, the tibia remains internally rotated as the knee begins to extend, thus
disrupting the “screw home mechanism” (Buchbinder, et al., 1979; Tiberio, 1987). To
overcome this, the femur is believed to internally rotate more than the tibia to obtain the
necessary knee external rotation. While the compensation maintains the arthrokinematics
of the tibiofemoral joint, it sacrifices those at the patellofemoral joint placing greater
stress on the surrounding tissue. This compensation is believed to contribute to the
development of anterior knee pain (AKP), one of the most common injuries experienced
by runners (Lun, et al., 2004).
While this injury paradigm is widely held, biomechanical studies have not found
runners experiencing AKP to present with significantly different pronation profiles.
Additionally, recent work has suggested that the quantity of pronation may not be as
important as the percentage of the available motion that is utilized. The study presented
in chapter four found that on average healthy runners maintained a 6.3° buffer from their
eversion range of motion (ROM) boundary, while injured runners maintained a 4.9°
buffer. This buffer increased to 8.3° in healthy runners when removing those running in
posted or stability shoes. These differences were a result of injured runners having less
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ROM and not a result the quantity of dynamic pronation, which is typically studied. A
smaller eversion buffer was hypothesized to leave injured runners less capable of adapt to
terrain changes and absorbing forces at the AJC. As a result these would have to be
absorbed proximally in joints such as the knee, hip and back, potentially leading to
injuries.
The coordination of the lower extremity has also been studied in these runners
using a modified vector coding technique. Using this technique, it was found that runners
experiencing AKP changed their coupling pattern earlier during stance, particularly when
looking at relationships including the AJC. This earlier change in coordination could be
a by-product of injured runners exhausting the available motion and changing their
movement pattern to one that requires less motion at the AJC. In addition to the changes
seen in coordination, injured runners also demonstrated an earlier peak in intra-subject
coupling variability. However, these two studies have primarily focused on the
kinematics and coordination of healthy and injured runners and did not specifically
analyze the effects of utilizing different percentages of the available motion had on these
variables.
Orthotics are commonly used by clinicians to improve the foot’s posture and
control its motion. In those with small eversion buffers, this intervention may be capable
of increasing their buffer by controlling foot pronation. Additionally, orthotics could also
have an influence on the lower extremity kinematics and coordination of those with
smaller buffers more so than on those with large buffer. Previous work on injured
runners however found that orthotics had no effect on the coordination. However, again
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this study focused on injured and healthy runners and not the effects of utilizing different
percentages of the available motion had on these variables. Therefore the purpose of this
study was: 1) to study the effects of orthotics on runners with different eversion buffers;
2) evaluate the lower extremity coordination of runner’s with different eversion buffers;
and 3) to study the effect of orthotics on the lower extremity coordination in those with
the smallest eversion buffer. Similar to the previous study, it was expected that orthotics
would reduce peak AJC eversion and eversion velocity. Secondly, it was expected that
those with the smallest eversion buffer would change their coordinative pattern earlier
during stance when not wearing orthotics. Lastly, orthotics were expected to alter the
coordination of those with the smallest eversion buffer to more closely resemble those
running with the largest eversion buffer.
2. Methods
2.1. Subjects
Thirty-six recreation runners participated in this study (Table 7.1). All runners
were required to have been running 8+ miles per week for the prior 6 months,
demonstrate a heel-strike foot fall pattern and have no history of lower extremity surgery.
Those experiencing AKP were evaluated by a licensed physical therapist to: 1) rule out
any ligamentous laxity, meniscal pathology, tendonitis and ITB syndrome, and 2) to
confirm that signs and symptoms were consistent with pain originating from the
patellofemoral joint. Prior to participating, subjects filled out a physical activity
readiness questionnaire and signed the informed consent approved by the subject review
committee at the University of Massachusetts.
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Table 7.1.
Subject information and anthropometrics
Number
Male
Female
Age
Weight (kg)
Height (m)

Large Buffer

Medium Buffer

Small Buffer

12
5
7
30.8 ± 7.6
61.2 ± 11
1.68 ± 0.11

12
3
9
28.8 ± 8.9
59 ± 7
1.64 ± 0.08

12
6
6
28.8 ± 8.9
59 ± 7
1.64 ± 0.08

2.2. Experimental Protocol and Equipment
Runners were first asked to warm up on the treadmill for approximately 10 – 15
minutes to 1) acclimate themselves to the treadmill (Woodway, Waukesha, WI), 2) to
loosen up the AJC to ensure that its full ROM could be measured. They were then taken
through a series of gastrocnemius and soleus stretches followed by ankle circles.
Reflective tracking marker clusters were placed directly on the calcaneus and lower leg
(Figure1). Next, runners were positioned in a custom made ROM device designed to
passively move the AJC into inversion and eversion in multiple sagittal plane positions
while still allowing translation in all three planes (Figure 7.2). Once inside the device,
the foot was positioned so that the heel and second metatarsal head bisected the foot
platform and the sagittal plane axis bisected the medial and lateral malleoli. With the aid
of a laser level, the platform was adjusted to vertically align the tibia in the frontal and
sagittal planes. The foot and tibia were then secured with Velcro straps and braces. A
compressive load of 100 N was then applied to the long axis of the tibia.
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Figure 7.1. Marker set utilized during testing. Calibration markers were placed on bilateral greater
trochanters, medial and lateral joint line of the knee, medial and lateral malleolus, peroneal tuberucle, and
the sustentaculum tali. In addition, the medial and lateral marker of the heel cluster was used to define the
rearfoot segment. Dynamic motion was tracked with marker cluster placed on the lateral femur, lower leg
and calcaneus.

Once secured in the device, dorsiflexion ROM was recorded by passively moving
the foot carriage to end range. Passive frontal plane ROM was then measured in seven
sagittal plane positions, ranging from approximately 40° of plantarflexion to the recorded
maximum dorsiflexion. In each sagittal plane position, three inversion and eversion
ROM measurements were recorded using an eight camera motion capture system
(Qualisys, Gothenburg, Sweden). This was accomplished by applying a passive torque to
the shaft of the frontal plane axis using a torque wrench. The goal was to apply a 10 N. m
torque to the AJC, therefore the torque applied via the wrench varied based on the
platform height, and the sagittal and frontal plane position of the foot carriage (Applied
Torque = 10 N. m + Resistance of foot carriage).
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Figure 7.2. Device utilized to passively move the AJC through its ROM. This device allowed for a
passive torque to be applied along the frontal and sagittal plane axes, while allowing for translation in all
three planes.

Once all ROM measurements were recorded, subjects exited the device and the
remaining tracking and calibration markers were positioned (Figure 7.1). A barefoot
standing calibration was then captured and used to define the orientation of the
coordinate system for the rearfoot, lower leg and femur. During this calibration, feet
were positioned to point straight ahead, hip width apart and runners were instructed to
look straight ahead and keep their knees extended. Calibration markers were removed
and running kinematics captured using the rigid marker clusters to reduce the influence of
soft tissue movement (Manal, et al., 2000). Subjects were next placed in New Balance
415 neutral running shoes, which had a modified heel counter allowing the tracking
cluster to remain fixed to the calcaneus across all conditions. This eliminated the error
associated with multiple calibration and marker re-placement. Subjects were then asked
to run approximately 5 minutes at 2.9 m/s both with and without an orthotic. The orthotic
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was an over the counter orthotic (New Balance Athletic Shoe Inc.,Boston, MA) which
was modified using four degree rubber molded wedges (AliMed Inc., Dedham,MA) in
the rearfoot and forefoot. Kinematic data were collected (200 Hz) over the final 30
seconds.
2.3. Data Reduction
Marker trajectories from the ROM and running trials were processed and
analyzed in Visual 3D (C-Motion, Germantown, MD). Raw marker trajectories were
smoothed using a 12 Hz, dual pass, fourth order, low pass Butterworth filter. Right
handed local coordinate systems were created for the thigh, lower leg and rearfoot from
the standing calibration trial and tracked using the marker clusters (Figure 7.1). Segment
and joint angles were calculated using Cardan angles with an X-y-z (Cole, et al., 1993)
rotation sequence. Variables of interest were analyzed during stance, with touchdown
(TD) defined as the minimum vertical position of a marker placed on the posterior lateral
aspect of the midsole and push-off at peak knee extension (Fellin & Davis, 2007).
2.4. Data Analysis
Ankle joint complex ROM was determined in each sagittal plane position by
averaging both the sagittal and frontal plane angles from three trials. Using these angles,
inversion and eversion boundaries were created by interpolating between the sagittal
plane angles (Figure 7.3). Dynamic joint angles were plotted relative to these boundaries
and the minimum angular distance from the eversion boundary (eversion buffer) was
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averaged over 10 footfalls (Figure 7.4). Using this distance, runners were broken into
three equally sized groups (i.e. large, medium and small buffer).

Figure 7.3. Passive inversion and eversion ROM measurements will be taken in several sagittal plane
positions. The AJC’s position during the stance phase of running was then plotted relative to the available
passive ROM.

Figure 7.4. Calculating where the AJC dynamically functions relative its ROM boundary.

Discrete pronation related variables were averaged over the stance phase of ten
footfalls. These variables included the AJC’s TD angle, peak eversion, time to peak
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eversion, total AJC frontal plane ROM, peak eversion velocity, peak tibial internal
rotation (TIR), time to peak TIR, total transverse tibial motion, peak knee internal
rotation (KIR) and time to peak KIR (Table 7.2).
pronation, TIR and KIR were also evaluated.

The timing between peak AJC

Lastly, the eversion to TIR ratio was

calculated by dividing the total AJC frontal plane ROM and the total transverse tibial
ROM (Ev/TIR) (McClay & Manal, 1997; Nawoczenski, et al., 1998; Nigg, et al., 1993).
Differences in pronation related variables were evaluated using a repeated measures two
way analysis of variance (ANOVA) with eversion buffer and orthotic as factors. All pair
wise comparisons were performed using a Tukey’s multiple comparison tests. (α= 0.05)
Significance was set at an alpha level of p < 0.05 and all statistical analysis was
performed in SAS.
In addition to discrete pronation related variables, lower extremity coordination
was evaluated for five relationships (Table 7.3) using vector coding (Chang, et al., 2008;
Heiderscheit, et al., 2002). Using this technique, individual mean coupling angles and
standard deviations were determined for each normalized time point during stance using
circular statistics. Statistical differences in mean coupling angle between buffer groups
were evaluated at each normalized time point using a Watson-Williams test (Appendix
D) (Berens, 2009; Watson & Williams, 1956),which is a circular equivalent to a one-way
ANOVA. Differences in coupling intra-subject coupling variability were determined
using a traditional one-way ANOVA. Statistical tests performed on coupling variables
were performed using the Matlab (Mathworks, Natick, MA) statistical toolbox and
statistical significant was set at the 0.05 level.
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Table 7.2.
Pronation related variable definitions
Variable
TD Angle
Peak Eversion
Time to Peak Eversion (% Stance)
Eversion ROM
Peak Eversion Velocity
Peak TIR
Time to Peak TIR (% Stance)
TIR ROM
Peak KIR
Time to Peak KIR (% Stance)
KIR ROM
Time Peak Ev - Peak TIR
Time Peak Ev - Peak KIR
EV/TIR Ratio

Definition
AJC Angle at TD
Peak AJC Eversion Angle
Time from TD to Peak AJC Eversion
AJC TD Angle - Peak Eversion
Peak Eversion Velocity
Peak TIR
Time for TD to Peak TIR/Stance
TIR at TD – Peak TIR
Peak KIR
Time for TD to Peak KIR/Stance
KIR Touchdown Angle – Peak KIR
TT Peak Ev – TT Peak TIR
TT Peak Ev – TT Peak KIR
Eversion ROM/ TIR ROM

Table 7.3.
Intra-limb segment and joint couplings of interest
Coupling Relationship
X-Axis
1
Rearfoot Eversion/Inversion
2
AJC Eversion/Inversion
3
AJC Eversion/Inversion
4
AJC Eversion/ Inversion
5
Tibial Internal/External Rotation

Y-Axis
Tibial Internal/External Rotation
Tibial Internal/External Rotation
Knee Internal/External Rotation
Knee Flexion/Extension
Femoral Internal/External Rotation

3. Results
3.1. Discrete Kinematic Variables
Breaking groups into small, medium and large buffers resulted in three groups
with significantly different eversion buffers (Table 7.4). No significant eversion buffers
x orthotic condition interactions were noted, indicating that orthotics had a similar effect
on all buffer groups. Significant main effect were however present. Runners with the
smallest buffer reached peak KIR significantly faster than those with large and medium
buffers. Additionally, subjects with small and medium buffers demonstrated significantly
less knee transverse plane motion during stance compared to those with large buffers.
Orthotics had a significant effect on all groups, generally keeping the foot in a more
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inverted position throughout stance and reduced the AJC peak eversion velocity (Table
7.4). As a result, orthotics also increased the distance the AJC was from its eversion
buffer by an average of 3.4° (Table 7.5). While differences were seen at the AJC,
orthotics appeared to have no effect on the kinematics of the tibia or knee (Table 7.6).

Table 7.4
Pronation related variable means across buffer groups. Statistical differences were determined using
a two-way ANOVA (α =0.05). Tukey’s multiple comparisons test were used across all pair wise
comparisons α =0.05).
Large
Medium
Small
p-value
12.62 (0.45) a
6.69 (0.45) b
3.21 (0.45) c
Eversion Buffer
< 0.01
AJC TD Angle
4.11 (0.73)
5.03 (0.73)
3.24 (0.73)
0.23
AJC Peak Eversion
-6.61 (0.93)
-4.80 (0.93)
-6.11 (0.93)
0.37
AJC Time To Peak Eversion
41.68 (2.26)
41.34 (2.26)
37.80 (2.26)
0.41
AJC ROM
10.73 (0.79)
9.83 (0.79)
9.35 (0.79)
0.46
AJC Peak Eversion Velocity
-223.11 (15.56)
-241.61 (15.56)
-231.62 (15.56)
0.70
Peak TIR
-9.28 (1.19)
-7.98 (1.19)
-7.42 (1.19)
0.53
Time To Peak TIR
41.99 (3.20)
47.05 (3.20)
39.51 (3.20)
0.24
Transverse Plane Tibal ROM
9.24 (0.78)
7.81 (0.78)
7.38 (0.78)
0.22
Peak KIR
-12.16 (1.23)
-10.86 (1.23)
-9.57 (1.23)
0.34
48.43 (2.22) a
40.56 (2.12) b
Time To Peak KIR
34.63 (2.11) c
< 0.01
12.03 (0.93) a
8.26 (0.89) b
8.48 (0.89) b
Transverse Plane Knee ROM
< 0.01
Ev/TIR Ratio
1.53 (0.32)
1.49 (0.32)
1.99 (0.32)
0.49
Time Peak Ev - Peak TIR
-0.31 (2.89)
-5.71 (2.89)
-1.71 (2.89)
0.40
Time Peak Ev - Peak KIR
-2.72 (3.40)
0.78 (3.40)
3.16 (3.40)
0.47
Time Peak TIR - Peak KIR
-2.40 (3.30)
6.49(3.30)
4.87 (3.30)
0.14

Table 7.5
Mean eversion buffer across buffer groups with and without orthotics. Statistical
differences were determined using a two-way ANOVA (α =0.05). There was no
interaction between buffer and orthotic.
Eversion Buffer (°)
No Ortho
Ortho
Difference
Large
-10.80 (0.64)
-14.43 (0.64)
3.63
Medium
-5.00 (0.64)
-8.38 (0.64)
3.38
Small
-1.56 (0.64)
-4.87 (0.64)
3.31
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3.2.

Table 7.6
Pronation related variable means with and without orthotics. Statistical
differences were determined using a two-way ANOVA (α =0.05). There was no
interaction between buffer and orthotics, therefore data were pooled.
No Ortho
Ortho
p-value
Eversion Buffer
-5.78 (0.37)
-9.23 (0.37)
< 0.01
AJC TD Angle
2.98 (0.60)
5.28 (0.60)
< 0.01
AJC Peak Eversion
-7.63 (0.76)
-4.04 (0.76)
< 0.01
AJC Time To Peak Eversion
40.49 (1.85)
40.05 (1.85)
0.87
AJC ROM
10.62 (0.65)
9.32 (0.65)
0.16
AJC Peak Eversion Velocity
-256.38 (12.71) -207.84 (12.71)
< 0.01
Peak TIR
-8.4 (0.97)
-8.05 (0.97)
0.80
Time To Peak TIR
42.24 (2.61)
43.46 (2.61)
0.74
Transverse Tibial ROM
8.22 (0.64)
8.07 (0.64)
0.86
Peak KIR
-10.66 (1.00)
-11.07 (1.00)
0.77
Time To Peak KIR
41.16 (1.76)
41.26 (1.76)
0.97
Transverse Plane Knee ROM
9.21 (0.74)
9.97 (0.74)
0.47
Ev/TIR Ratio
1.73 (0.26)
1.61 (0.26)
0.74
Time Peak Ev - Peak TIR
-1.75 (2.36)
-3.41 (2.36)
0.62
Time Peak Ev - Peak KIR
0.71 (2.78)
0.11 (2.78)
0.88
Time Peak TIR - Peak KIR
2.46 (2.70)
3.52 (2.70)
0.78

Coupling Angle Across Buffer Groups
Qualitatively, runners maintaining a small or medium buffer changed their
coupling pattern earlier during stance compared to those maintaining a large buffer
(Figure 7.5). This resulted in statistically significant differences between 40 and 60%
of stance for all relationships. In addition to the differences seen at midstance, the
coupling between the AJC and sagittal plane knee motion was also significant
between 60-90% of stance. In this region, those with a larger buffer had a coupling
angle of approximately 50°, indicating a relatively similar amount of AJC inversion
and knee extension. Those with small and medium buffers had a larger coupling
angle in this region indicating that the knee was extending more that the AJC was
inverting.
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Figure 7.5. Comparison of the coupling angle across buffer groups (● = large buffer, * = medium buffer, ×
= small buffer). Plots displaying the angle-angle relationship (column 1), the calculated coupling angle
(column 2) and the p –value (column 3) for each coupling relationship. Statistical differences were
determined the Watson and Williams and significance set at α = 0.05 (red line).
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3.3. Coupling Variability across Buffer Groups
Qualitatively, few consistent differences were noted in the variability pattern
between buffer groups (Figure 7.6). Generally, those with the largest buffers
demonstrated the least amount of variability early during stance, however this only
reached a significant level for the tibia vs. thigh coupling relationship between those with
the large and medium buffers.
3.4. Effect of Orthotics on the Mean Coupling Angle across Buffer Groups
Orthotics did not affect the differences seen in the coupling pattern between those
with small and large buffers when not wearing orthotics (Figure 7.7-7.11, MIDDLE).
Similarly, minimal differences were seen when specifically comparing the coupling
pattern of those with smaller buffers when running with and without orthotics (Figure
7.7-7.11, BOTTOM). The one exception was in the AJC vs. transverse plane knee
coupling relationship, where orthotics caused the coupling pattern of those with small
boundaries to move towards 180° at midstance. In other words, these runners used
relatively more knee external rotation vs. AJC inversion when transitioning from their
loading coordinative pattern to their propulsive pattern.
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Figure 7.6. Comparison of the coupling variability across buffer groups (green = large buffer, orange =
medium buffer, red = small buffer). Plots displaying the coupling standard deviation over stance (column 1)
and the p – value (column2) for each coupling relationship . Statistical differences were determined with a
one-way ANOVA and significance set at α = 0.05 (red line).
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Figure 7.7. Comparison of the RF vs. transverse tibia coupling relationship between all buffer groups
(TOP), those with a small buffer when wearing orthotics vs. those with a large buffer with no orthotics
(MIDDLE) and between those with the small buffer with and without orthotics (BOTTOM). The large
buffer group is displayed in green, medium in orange and small in red. The * symbol indicates the small
buffer group was wearing orthotics. Statistical differences were determined the Watson and Williams and
significance set at α = 0.05 (red line).
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Figure 7.8. Comparison of the AJC vs. transverse tibia coupling relationship between all buffer groups
(TOP), those with a small buffer when wearing orthotics vs. those with a large buffer with no orthotics
(MIDDLE) and between those with the small buffer with and without orthotics (BOTTOM). The large
buffer group is displayed in green, medium in orange and small in red. The * symbol indicates the small
buffer group was wearing orthotics. Statistical differences were determined the Watson and Williams and
significance set at the α = 0.05 (red line).
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Figure 7.9. Comparison of the AJC vs. transverse knee coupling relationship between all buffer groups
(TOP), those with a small buffer when wearing orthotics vs. those with a large buffer with no orthotics
(MIDDLE) and between those with the small buffer with and without orthotics (BOTTOM). The large
buffer group is displayed in green, medium in orange and small in red. The * symbol indicates the small
buffer group was wearing orthotics. Statistical differences were determined the Watson and Williams and
significance set at the α = 0.05 (red line).
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Figure 7.10. Comparison of the AJC vs. sagittal knee coupling relationship between all buffer groups
(TOP), those with a small buffer when wearing orthotics vs. those with a large buffer with no orthotics
(MIDDLE) and between those with the small buffer with and without orthotics (BOTTOM). The large
buffer group is displayed in green, medium in orange and small in red. The * symbol indicates the small
buffer group was wearing orthotics. Statistical differences were determined the Watson and Williams and
significance set at the α = 0.05 (red line).
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Figure 7.11. Comparison of the transverse tibia vs. thigh coupling relationship between all buffer groups
(TOP), those with a small buffer when wearing orthotics vs. those with a large buffer with no orthotics
(MIDDLE) and between those with the small buffer with and without orthotics (BOTTOM). The large
buffer group is displayed in green, medium in orange and small in red. The * symbol indicates the small
buffer group was wearing orthotics. Statistical differences were determined the Watson and Williams and
significance set at the α = 0.05 (red line).
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3.5. Effect of Orthotics on the Coupling Variability across Buffer Groups
Orthotics had a minimal effect on the coupling variability (Figures 7.12-7.16),
with the one exception being the variability of the AJC vs. sagittal knee coupling pattern.
In this relationship, orthotics significantly increased the variability in those with small
buffer at around 60% of stance (Figure 7.15, BOTTOM). As a result, this pattern is no
longer significantly different than those with a large buffer in this region (Figure 7.15,
MIDDLE).
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Figure 7.12. Comparison of the RF vs. transverse coupling variability between all buffer groups (TOP),
those with a small buffer when wearing orthotics vs. those with a large buffer with no orthotics (MIDDLE)
and between those with the small buffer with and without orthotics (BOTTOM). The large buffer group is
displayed in green, medium in orange and small in red. The * symbol indicates the small buffer group was
wearing orthotics. Statistical differences were determined with a one-way ANOVA and significance set at
the α = 0.05 (red line).
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Figure 7.13. Comparison of the AJC vs. transverse tibia coupling variability between all buffer groups
(TOP), those with a small buffer when wearing orthotics vs. those with a large buffer with no orthotics
(MIDDLE) and the between those with the small buffer with and without orthotics (BOTTOM). The large
buffer group is displayed in green, medium in orange and small in red. The * symbol indicates the small
buffer group was wearing orthotics. Statistical differences were determined with a one-way ANOVA and
significance set at the α = 0.05 (red line).
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Figure 7.14. Comparison of the AJC vs. transverse knee coupling variability between all buffer groups
(TOP), those with a small buffer when wearing orthotics vs. those with a large buffer with no orthotics
(MIDDLE) and the between those with the small buffer with and without orthotics (BOTTOM). The large
buffer group is displayed in green, medium in orange and small in red. The * symbol indicates the small
buffer group was wearing orthotics. Statistical differences were determined with a one-way ANOVA and
significance set at the α = 0.05 (red line).
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Figure 7.15. Comparison of the AJC vs. sagittal knee coupling variability between all buffer groups
(TOP), those with a small buffer when wearing orthotics vs. those with a large buffer with no orthotics
(MIDDLE) and the between those with the small buffer with and without orthotics (BOTTOM). The large
buffer group is displayed in green, medium in orange and small in red. The * symbol indicates the small
buffer group was wearing orthotics. Statistical differences were determined with a one-way ANOVA and
significance set at the α = 0.05 (red line).
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Figure 7.16. Comparison of the transverse tibia vs. thigh coupling variability between all buffer groups
(TOP), those with a small buffer when wearing orthotics vs. those with a large buffer with no orthotics
(MIDDLE) and the between those with the small buffer with and without orthotics (BOTTOM). The large
buffer group is displayed in green, medium in orange and small in red. The * symbol indicates the small
buffer group was wearing orthotics. Statistical differences were determined with a one-way ANOVA and
significance set at the α = 0.05 (red line).
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4. Discussion
Recent work has found runners with AKP use up a greater percentage of their
available frontal plane AJC ROM (i.e. small eversion buffer) compared to their healthy
counterparts (Chapter 4). Orthotics have been shown to increase this buffer and change
the coordinative pattern in this injury population, however, the effect of orthotics on
those utilizing the greatest percentage of their available motion were not specifically
evaluated. Therefore the purpose of this study was to evaluate the effects of orthotics on
eversion buffer and coordination in runners with small eversion buffers. Three distinct
eversion buffer groups were created in this study, with the largest group maintaining
12.6° buffer, the medium group a 6.7° buffer and the smallest group maintaining a 3.2°
buffer. While these groups demonstrated significant eversion buffer differences, they
presented with similar pronation profiles. Together these finding indicate that that one’s
buffer is more dependent on the available ROM at the AJC and not the quantity of
pronation. This finding questions the usefulness of using peak eversion values when
studying injury and creating cohorts. While no differences were seen at the AJC, those
with the smallest buffer did reach peak KIR earlier during stance and presented with less
transverse plane motion at the knee.
Coordination differences between buffer groups were also evident across all
relationships. As expected those with small and medium buffers changed their coupling
pattern earlier in stance relative to those with the largest buffers. This pattern was
evident across all relationships, indicating the eversion buffer influenced the coordination
of the entire lower extremity. These findings are in agreement with those of Rodrigues et
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al. (2011), who found runners with AKP also changed their coordination pattern earlier in
stance as a result of having smaller eversion buffers. As a result of changing their
coordination pattern earlier during stance, these authors also found injured runners to
have an earlier peak in variability. This study however, found no significant differences
in the variability pattern between those with different buffer. This could indicate that
reductions in variability seen by these previous authors are more related to injury than the
ROM buffer.
Orthotics consistently maintained the AJC in a more inverted position and
reduced its peak eversion velocity in all buffer groups. As a result of limiting pronation,
the eversion buffer also increased when wearing orthotics. Although significant
kinematic differences occurred at the AJC, they did not influence the kinematics of the
tibia or knee, and did not have an immediate effect on lower extremity coordination.
These findings are partial agreement with chapter 5, which found orthotics did not
influence lower extremity coordination in runners with AKP , however did influence the
coordinative variability. Again, it is possible that coordination variability is more linked
with injury than with where someone functions relative to their available motion. In fact
while there were an equal number of healthy and injured runners in the small buffer
group (six), there were a greater number of injured runners in the medium buffer group
(eight) further supporting that reduced variability may be more influenced by injury than
someones buffer.
In conclusion, runners with small eversion buffers reached peak KIR earlier
during stance and presented with more transverse knee plane rotation. As a result of
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having a small buffer, these runners changed their coordinative pattern earlier during
stance. However, contrary to the hypothesis, eversion buffer did not influence
coordinative variability. This finding indicates that reduced coupling variability is
associated with injury more so than where someone functions relative to their available
motion. Orthotics effectively increased the eversion buffer of all groups by maintaing the
AJC in a more inverted position during stance. However while effective at changing the
kinematics of the AJC; they had no influence on the kinematics of the tibia and knee.
Likewise orthotics did not influence coordination or coordination variability. Future
studies should explore the coordinative strategies used by healthy runners with small
buffers to gain a better understanding of the association between eversion buffer and
injury.
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CHAPTER VIII
SUMMARY
Anterior knee pain (AKP) is a common running injury and thought by many to be
influenced by “excessive” and/or “delayed” subtalar joint (STJ) pronation. Subtalar joint
motion is believed to influence the transverse plane motion of the tibia and knee because
of the limited transverse plane motion of the talocrural joint. However, several studies
have shown the talocrural joint to have more transverse plane motion than once believed,
therefore it is feasible that the STJ will only influence the motion of the tibia and knee
once this motion has been exhausted. Currently, studies evaluating this relationship have
focused on peak joint angles and excursion without reference to the amount of motion
available at the ankle joint complex (AJC). Therefore the purpose of these studies were
to 1) evaluate whether injured runners utilize a greater percentage of their available
eversion motion (eversion buffer) at the AJC compared to healthy runners, 2) evaluate the
effects of small eversion buffers on coordination, and 3) evaluate the influence of
orthotics on those with AKP and utilizing the smallest eversion buffers.
This study found healthy and injured runners, for the most part, presented with no
significant differences in traditional pronation related variables. The one exception was
peak pronation velocity, where injured runner demonstrated faster pronation velocities.
On the other hand injured runners had significantly smaller eversion buffers. As a result
of these smaller eversion buffers, injured runners changed their mean coupling pattern
earlier during stance, and this was particularly evident in relationships that include the
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AJC. These earlier change in coupling pattern also caused the intra-individual coupling
variability to peak earlier during stance.
Orthotics successfully controlled the kinematics of the AJC and increased the
eversion buffer of injured runners and in those displaying the smallest buffers. While
orthotics successfully influenced the kinematics of the AJC, they did not influence those
of the tibia and knee. These kinematic changes did not have a strong impact on the
coordinative patterns of the lower extremity, however demonstrated a trend toward being
able to influence the intra-individual coupling variability.
In summary, injured runners demonstrated smaller eversion buffers and changed
their coordinative patter earlier during stance. While orthotics successfully increased the
eversion buffer, they did not immediately influence coordination variables. These
findings indicate that pronation related variables should be evaluated relative to the
motion available at that joint. Future research will prospectively study the relationship
between the eversion buffer and injury. Additionally, the coordinative strategies used by
healthy runners with small buffers will be evaluated to gain a better understanding of the
association between eversion buffer and injury. Lastly, the effects of running terrain on
lower extremity kinematics and coordination will be explored in runner with small
eversion buffers.
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Hypotheses
Study 1
Hypothesis 1: Subjects with different eversion buffers will not demonstrate any
differences in touchdown angle, peak eversion, total AJC frontal plane ROM and peak
eversion velocity. However subjects with small eversion buffers will have significantly
more peak tibial IR and total transverse tibial rotation ROM. The variables of interest
were averaged over the stance phase of 10 steps when subjects run at 6.5 mph and when
running at their preferred speed. Statistical differences were evaluated using three way
analysis of variance (ANOVA) with eversion buffer, speed, and injury status as factors (α
=0.05).
Finding: As hypothesized subjects with small eversion buffers demonstrated no
differences in TD angle, peak eversion, total AJC frontal plane ROM and peak eversion.
However, contrary to the hypothesis, those will small eversion buffers demonstrated no
differences in peak tibial internal rotation and transverse tibial ROM. In fact, a trend in
the opposite direction was noted with subjects demonstrating less peak tibial internal
rotation and tibial internal rotation range of motion.
Hypothesis 2: Subjects with AKP will not demonstrate any differences in TD angle, peak
eversion, total AJC frontal plane ROM and peak eversion velocity. However injured
subjects will have significantly more peak tibial IR, total transverse tibial rotation ROM
and smaller eversion buffers. The variables of interest will be averaged over the stance
phase of 10 steps when subjects ran at 6.5 mph and when running at their preferred speed.
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Statistical differences were evaluated using three way analysis of variance (ANOVA)
with eversion buffer, speed and injury status as factors (α =0.05).
Finding: As hypothesized subjects with AKP presented with smaller eversion buffers
while demonstrating no differences in TD angle, peak eversion, total AJC frontal plane
ROM and peak eversion. These findings indicate that injured subjects generally had less
AJC ROM. However, contrary to the hypothesis, injured subjects demonstrated no
differences in peak tibial internal rotation and transverse tibial ROM.
Hypothesis 3: The timing between peak eversion and peak TIR will occur closer in time
in subjects with a small eversion buffer. This difference in timing will be averaged over
the stance phase of 10 steps when subjects ran at 6.5 mp and at the preferred speed. A
three way ANOVA with speed, eversion buffer and injury status as factors (α =0.05).
Finding : Contrary to the hypothesis, no differences in timing were noted across buffer
groups.
Hypothesis 4: Those with a small eversion buffer and AKP will demonstrate smaller
peak EV/TIR ratios in comparison to those large eversion buffers. The EV-TIR ratio was
averaged over 10 steps when subjects run at 6.5 mph and at a preferred speed. Statistical
differences will be evaluated using a three way ANOVA with speed, eversion buffer and
injury status as factors (α =0.05).
Finding : Contrary to the hypothesis, no differences in EV/TIR ration were noted between
healthy and injured runners.

182

Study 2
The purpose of this study will be to compare the lower extremity coordination of runner
with and without knee pain.
Hypothesis 1: It is hypothesized that injured runner will utilize a greater percentage of
their available motion and as a result will have a different coupling pattern than healthy
runners. Coupling angles will be evaluated by first breaking the stance phase of gait into
quartiles. The mean coupling angles will then be assed in each quartile. Additionally
coupling angles will be evaluated at each normalized time point. Difference will be
evaluated using a Watson-Williams test (Berens, 2009; Watson & EJ, 1956),which is a
circular equivalent to a one-way ANOVA (α =0.05).
Finding : As hypothesized, injured runners ran with smaller eversion buffers and as a
result changed their coupling pattern earlier during stance. This was primarily noted for
relationships that included the AJC.
Hypothesis 2: Subject’s with AKP will demonstrate less coupling variability than healthy
runners. Coordination variability will be evaluated by first breaking the stance phase of
gait into quartiles. Mean coordination variability will then be assessed in each quartile.
Additionally coupling variability will be evaluated at each normalized time point.
Differences will be evaluated using a one way ANOVA (α =0.05).
Finding : As a result of changing their coordination pattern earlier during stance, injured
subjects also demonstrated an earlier peak in variability at midstance. Additionally
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injured runners demonstrated a trend toward reduced coupling variability early in stance,
however this did not reach statistical significance.
Study 3
The purpose of this study will be to evaluate the effects of orthotics on coordination and
pronation related variables in those with AKP.
Hypothesis 1. Subjects with AKP will demonstrate a significant change in TD angle,
peak AJC eversion, total AJC frontal plane ROM, peak eversion velocity, peak TIR,
transverse plane tibial ROM and eversion buffer when using orthotics. The variables of
interest were averaged over the stance phase of 10 steps when subjects run at 6.5 mph.
Statistical differences will be evaluated using a repeated measures two way ANOVA with
injury status and orthotic condition as factors (α =0.05).
Finding: As hypothesized orthotics placed the foot on injured runners in a more inverted
position during stance and as a result the AJC was more inverted at TD, displayed less
peak eversion, reduced eversion velocity and increased the eversion buffer. Contrary to
the hypothesis, no difference in AJC ROM, peak TIR, and transverse plane ROM of the
tibia were noted. Hypothesis 2: It is hypothesized that orthotics will increased the
eversion buffer of injured runners and as a result normalize their coupling angle profile to
that of healthy runners. Coupling angles will be evaluated at each normalized time point
using a Watson-Williams test (Berens, 2009; Watson & EJ, 1956),which is a circular
equivalent to a one-way ANOVA (α =0.05).
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Findings: Contrary to the hypothesis, orthotics had no immediate effect on the lower
extremity coordination of runner’s with AKP.
Hypothesis 3. It is hypothesized that orthotics will increased the eversion buffer of
injured runners and as a result normalize their coupling variability to that of healthy
runners. Coordination variability will be evaluated at each normalized time point using a
one-way ANOVA (α =0.05).
Findings: Orthotics had a minimal effect on the coupling variability of injured runners.
Early in stance, injured runners demonstrated a trend toward having reduced coupling
variability in all the studied relationships. This trend was eliminated when running with
orthotics. Additionally, injured runners displayed earlier peaks in variability at
midstance, particularly when looking at relationships that include the AJC and rearfoot.
Orthotics generally extended the duration of variability of injured runners. These
changes eliminated the previous statistically significant differences between the AJC vs.
tibia and the AJC vs. transverse plane motion at the knee; however the previous trends
were still present.
Study 4
The purpose of this study will be to evaluate the effects of orthotics on coordination and
pronation related variables in those with small eversion buffers.
Hypothesis 1. Subjects with small eversion buffers will demonstrate a significant change
in TD angle, peak AJC eversion, total AJC frontal plane ROM, peak eversion velocity,
peak TIR, transverse plane tibial ROM and eversion buffer when using orthotics. The
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variables of interest will be averaged over the stance phase of 10 steps when subjects run
at 6.5 mph. Statistical differences will be evaluated using a repeated measures two way
ANOVA with eversion buffer and orthotic condition as factors (α =0.05).
Finding: As hypothesized orthotics placed the foot of subjects with small buffers in a
more inverted position during stance and as a result the AJC was more inverted at TD,
displayed less peak eversion, reduced eversion velocity and increased the eversion buffer.
Contrary to the hypothesis, no difference in AJC ROM, peak TIR, and transverse plane
ROM of the tibia were noted.
Hypothesis 2: It is hypothesized that orthotics will increased the eversion buffer in those
with small buffers and as a result normalize their coupling angle profile to those with
large buffers. Coupling angles will be evaluated at each normalized time point using a
Watson-Williams test (Berens, 2009; Watson & EJ, 1956),which is a circular equivalent
to a one-way ANOVA (α =0.05).
Findings: Contrary to the hypothesis, orthotics had no immediate effect on the lower
extremity coordination in runners with small eversion buffers.
Hypothesis 3. It is hypothesized that orthotics will increased the eversion buffer of
injured runners and as a result normalize their coupling variability to those with large
buffers. Coordination variability will be evaluated at each normalized time point using a
one-way ANOVA (α =0.05).
Findings: Contrary to the hypothesis, orthotics had no immediate effect on the lower
extremity coordination variability in runners with small eversion buffers.
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APPENDIX A
RANGE OF MOTION DEVICE
1. Range of Motion Device
In clinical settings, a joint’s passive range of motion is most commonly measured
manually with a goniometer. While convenient, manual measurements are unreliable due
to inconsistent hand, joint and goniometric positioning. Additionally the amount of
torque applied to a joint is hard to control (Bohannon, et al., 1989). Therefore a device
was built to reduce the variability in positioning the ankle joint complex (AJC) and to
control the quantity of torque applied. This device was inspired by that of Allinger et al.
(T. L. Allinger, 1990; T. L. Allinger & Engsberg, 1993), who built a device which
allowed AJC to rotate and translate in all three planes while maintaining a 100 Newton
compressive force. Additionally, reports have indicated that this device is capable of
reliably measuring both the active and passive ROM of the AJC (T. L. Allinger, 1990;
Nigg, et al., 1995).
Using this as inspiration, our device was also designed to rotate and translate in
all three planes while maintaining a 100 N compressive load on the AJC (Figure A.1).
However, unlike the previous device which was constructed with welded aluminum
tubing, our device was constructed with T-extruded aluminum (80/20, Inc, Columbia
City, IN). This product was chosen because it could be assembled using a number of
joining plates and brackets which alleviated the need for welding. Additionally, the ends
of each shaft was milled to fit a ¾ inch socket, which allowed a passive torque to be
applied and measured using a torque wrench (Figure A.4).
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Figure A.1. Our ROM device allowed rotation and translation in all three planes while maintaining a 100
Newton compressive load. Additionally, the shafts were milled to fit a ¾ inch socket where a passive
torque could be applied and measured using a torque wrench.

2. ROM Device Protocol
1. Foot plate height is adjusted so that the dorsiflexion/plantarflexion axis of the
ROM device splits the difference in malleolar heights.
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2. Foot is secured in a position with the
a. longitudinal axis of the foot bisecting the foot plate
b. ab-/adduction axis bisecting the malleoli
c. dorsi-/plantarflexion axis spliting the height of the malleoli (Figure A.2).

Figure A.2: Once in position, the foot is secured to the rubberized foot plate using Velcro straps.
Additionally, the movement of the tibia is restricted distally using two C-shaped braces and proximally
using a V-shaped brace

.
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3. The tibia was aligned perpendicular to the device in both the frontal and sagittal
planes (Figures A.3). It was then secured proximally using a V-shaped brace
(Figure A.2 & A.3) and distally with two C shaped braces (Figure A.2).

Figure A.3. Tibia aligned perpendicular to the base of the device in both the frontal and sagittal planes.
Once in position, it was secured proximally using a V-shaped brace. This shape was chosen to replicate the
shape of the tibial tuberosity and with the aim of limiting transverse plane tibial rotation.

4. Once secured in the device, a passive torque could be applied via a milled shaft
that could accommodate a ¾ inch socket (Figure A.4).
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Figure A.4. Milled shaft that could accommodate a 12 point ¾ inch socket
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APPENDIX B
RANGE OF MOTION DEVICE TORQUE EQUATION
1. Torque
The range of motion device was built to passively move the ankle joint complex
(AJC) using consistent loads. In order to apply a consistent load to the AJC the loads
necessary to move the platform itself were first determined. Three variables ultimately
determined the torque required to move the platform. These variables included the height
of the foot platform, the sagittal plane position of the foot platform and the frontal plane
position of the foot platform.
An equation was created to describe these variables. This was accomplished by first
recording the torque necessary to move the foot platform through 50° of inversion and
eversion, taking measurement every 5°. This process was then repeated in seven
different sagittal plane positions (Table B.1) and three different platform heights. No
difference were noted between 60°, 40°, and 20° of plantarflexion and dorsiflexion and
therefore the average values of 60°, 40°, and 20° (Table B.2) were utilized in all future
calculations (Figure B.2).
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Table B.1
Torque required to move the foot platform in the frontal plane in different sagittal plane positions
FRONTAL PLANE
ANGLE
PF 60
PF 40
PF 20
Neutral
DF 20
DF 40
DF 60
-50

-1.57

-2.19

-2.78

-2.85

-2.69

-2.19

-1.39

-45

-1.42

-2.09

-2.54

-2.64

-2.54

-2.01

-1.30

-40

-1.32

-1.87

-2.24

-2.37

-2.23

-1.82

-1.15

-35

-1.20

-1.70

-2.03

-2.13

-2.08

-1.62

-1.03

-30

-1.02

-1.46

-1.72

-1.86

-1.75

-1.40

-0.87

-25

-0.86

-1.24

-1.44

-1.57

-1.50

-1.20

-0.71

-20

-0.71

-0.96

-1.19

-1.24

-1.22

-0.98

-0.58
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-0.61

-0.73
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-0.91

-0.76
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Figure B.1. The torque required to move the foot platform in the frontal plane was measured in
different sagittal plane positions.
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Table B.2.
Average torque required to move the foot platform in the
frontal plane in different sagittal plane positions
Sagittal Plane Angle
Frontal Plane Angle
-50

60
-1.48

40
-2.19

20
-2.74

Neutral
-2.85

-45

-1.36

-2.05

-2.54

-2.64

-40

-1.23

-1.85

-2.23

-2.37

-35

-1.12

-1.66

-2.06

-2.13

-30

-0.94

-1.43

-1.73

-1.86

-25

-0.78

-1.22

-1.47

-1.57

-20

-0.65

-0.97

-1.21

-1.24

-15

-0.61

-0.74

-0.88
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Figure B.2. The torque required to move the foot platform in the frontal plane was measured in different
sagittal plane positions. Minimal differencese were noted between 20°, 40° and 60° of dorsiflexion and
plantarflexion and therefor values were averaged.
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The relationship between torque and the frontal plane position of the platform was
linear in all sagittal plane positions and at each platform height. Therefore, the base
formula used was that of a line (y = mx + b). This formula was simplified to y = mx
(i.e.Torque = m(Frontal Plane Angle) because the no torque was required to move the
platform to the neutral position, and therefore this line was assumed to have a y intercept
of zero. Therefore, the only unknown was the lines slope (m), which was a product of
both the sagittal plane position of the platform and the platform height. A formula for the
slope was determined by first documenting how the slope changed in different platform
heights and sagittal plane combinations (Table B.3). These values were then plotted
(Figure B.3) and a quadratic regression describing the change in slope across sagittal
plane position was then determined at each platform height (Table B.4). Lastly, the
change in each term of the quadratic was plotted and another regression performed
(Figures B.3). Together, this process provided the information required to create a
function which predicted the amount of torque necessary to move the foot platform in
different frontal plane angles, sagittal plane angle and at different platform heights
(Figure B.4 –B.6).

Table B.3
Slope of torque vs. frontal plane position in different
sagittal plane positions and platform heights
Sagittal Plane Position

4.5

7.4

8.5

0

0.041

0.062

0.070

20

0.039

0.059

0.065

40

0.032

0.047

0.059

60

0.021

0.030

0.037

90

0

0

0
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Figure B.3. The slope of lines describing the torque vs frontal plane angle of the foot platform over
different sagittal plane positions was plotted. This was repeated at three diferent platform heights (4.5, 7.8,
8.5). A quadratic regression at each plaform height was utilized to describe the change in slope over
different sagittal plane positons at each height.
Table B.4
Polynomial equations describing the change in slope
across different sagittal plane positions at different platform heights
Platform Height

x2

x

8.5

-0.000009

0.00005

0.0694

7.80

-0.000006

-0.0002

0.063

4.5

-0.000004

-0.00007

0.0412

0
0

1

2

3

4

5

6

-0.000002
y = -5E-07x2 + 2E-06x - 5E-06
x^2

-0.000004
-0.000006
-0.000008
-0.00001
Platform Height (in)

Figure B.4. A quadratic regression was utilized to describe the change in the x2 term over different
platform heights.
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y = 7E-05x2 - 0.0004x + 0.0002

0.00005
0
-0.00005 0

2

4

6

x

-0.0001

-0.00015
-0.0002
-0.00025
-0.0003
Platform Height (in)
Figure B.5. A quadratic regression was utilized to describe the change in the x term over different platform
heights.
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Figure B.6. A linear regression was utilized to describe the change the last term across platform heights.

Using this information an equation was created and tested (Figure B.7). When
using all the terms, the formula had an average absolute error of 0.54 N*m, with a
maximum difference of 6.6 N*m. When the middle term was removed, the average
absolute error was reduced to 0.19 N*m, with a maximum difference of 0.88 N*m.
Therefore the formula excluding the middle term was utilized during all data collections.
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Three Term Equation
Torque = AngleFP x
(-0.000000 x platformheight2 + 0.000002*platformheight 0.000005) x AngleSP 2
+ (0.00007 x platformheight 2 - 0.0004*platformheight + 0.0002) x AngleSP
+ 0.0072 x platformheight + 0.0343
Two Term Equation
Torque = AngleFP x (-0.000000 x platformheight 2 + 0.000002*platformheight 0.000005) x AngleSP 2
+ 0.0072 x platformheight + 0.0343
Figure B.7. From the regression formulas above two equations were created, one that used all three term
and one that used two terms. The equation with two terms was found to best represent the torque profile of
the ROM device
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APPENDIX C
RANGE OF MOTION RELIABILITY
1. Reliability
In each sagittal plane position, three eversion and inversion measurements were
captured for each subject. The standard deviation of these measurements in each position
was calculated and averaged to determine the reliability of the range of motion protocol.
Generally speaking measurements were extremely reliable with eversion measurements
showing an average standard deviation of 0.18° (Table C.1) and inversion measurements
a standard deviation of 0.37° (Table C.2).
Table C.1.
Eversion standard deviation and maximum standard
deviation
Eversion SD

Eversion Max SD

PF 40

0.25

1.57

PF 20

0.23

1.42

PF 10

0.13

0.59

Neutral

0.23

1.72

DF 10

0.13

0.43

DF 20

0.15

0.92

Max DF

0.14

0.93

Overall

0.18

Table C. 2.
Inversion standard deviation and maximum standard
deviation
Inversion SD

Inversion Max SD

PF 40

0.56

3.85

PF 20

0.36

1.33

PF 10
Neutral

0.24

0.76

0.45

1.86

DF 10

0.39

1.40

DF 20

0.36

2.40

Max DF

0.20

1.33

Overall

0.37
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APPENDIX D
CIRCULAR STATISTICS
1.

Descriptive Statistics
Coordination was evaluated using a vector coding technique which resulted in

circular data. Therefore statistical procedures designed to accommodate the circular
behavior of this data were required. To demonstrate the need for these statistics one can
look at the data set presented below (Table D.1). When using traditional statistics both
healthy and injured runners appear to have a mean coupling angle of approximately 198º
and not be statistically different. However, if this same data is plotted on a circle one can
visually see that the mean angles are substantially different (Figure D.1).
Table D.1. Vector coding angle of healthy and injured runners. Data analyzed using traditional
descriptive statistics and one-way ANOVA.

Subject
1
2
3
4
5
6
7
8
9
10
11
12
13
14
1
Mean
p-value

Healthy
330
340
30
50
50
45
350
355
20
10
15
350
330
355
350
198.67
0.99

Injured
220
191
185
175
220
205
222
195
190
145
185
190
200
230
220
198.20

200

Figure D.1. Vector coding angles of healthy (green ●) and injured (red ●) runners plotted on circle with
their mean orientation represented using an arrow. While no differences were evident using traditional
descriptive and inferential statistics, visually it can be seen that these groups have different mean directions.

This issue can be overcome using circular statics. To circumvent the circular
nature of this data, the sine and cosine of each angle must be first calculated and then
averaged (Batschelet, 1981). The arc tangent can then be used to accurately calculate the
mean angle (Figure D.2). When this technique is applied to the previous data, one can
see that a more representative mean angle is calculated (Table D.2).
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Figure D.2. Comparison of a mean calculated using conventional vs. circular statistics. With circular data,
the conventional statistic resulted in a mean of 233.3º which does not reflect the true direction of the data.
Using circular statistics, the true mean of 353.25 º can be calculated.

Table D.2. Vector coding angle of healthy and injured runners. Data analyzed using traditional descriptive
statistics and one-way ANOVA

Subject
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
Mean Sine
Mean Cosine
Mean Angle

Healthy
330
340
30
50
50
45
350
355
20
10
15
350
330
355
350
0.10
0.89
6.31
202

Injured
220
191
185
175
220
205
222
195
190
145
185
190
200
230
220
-0.30
-0.88
198.52

Likewise, the variability around this mean angle must also be evaluated using
circular statistics (Batschelet, 1981). This is accomplished by calculating the length of a
vector using the mean sine, mean cosine and the Pythagorean Theorem (Figure D.3).
Using this technique, vector lengths close to 1 would be indicative of little variability
where those close to 0 are indicative of larger variability. The angular variance and
angular deviation is then calculated using the vector length (Figure D.3).

Figure D.3. The angular variance can be determined using the mean vector length. Data with little
variance will have a mean vector length closer to 1. Variability can also be expressed as angular standard
deviation using the above formula.
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2. Inferential Statistics
Similar to the descriptive techniques, a circular inferential statistical technique
was used to determine statistical significance. A Watson and Williams test was chosen to
determine differences between groups (Batschelet, 1981; Watson & Williams, 1956).
This test evaluates differences between groups similar to a one-way analysis in which the
variance between groups in evaluated relative to variance due to error. To use this
technique the resultant vector lengths for the entire data set and the two groups are first
calculated (Table D.3). These values are then used to calculate the F value (Figure D.4)
to determine if differences are statistically different.

Table D.3. Sum of sine and cosine of each angle, the mean resultant vector length and the resultant
vector length calculated from the sum of the sine and cosine.

Mean Sine
Mean Cosine
Mean Resultant Vector Length (r)
∑ Sine
∑ Cosine
Sum of Resultant Vector Lengths (R)

Healthy (R1)
0.98
0.89
0.90
1.48
13.37
13.49
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Injured (R 2)
0.30
-0.88
0.93
-4.44
-13.26
13.98

Overall (R)
-0.09
0.004
0.1
-2.96
0.11
2.96

Figure D.4. Calculation for the Watson and Williams test used to determine statistical significance.

This calculation can also be visualized by plotting the resulting vectors of both
groups in addition to the overall vector. Using this data set, the resultant vectors for both
the healthy and injured groups had a length of 0.90 or above, indicating the angles were
reasonably concentrated with a standard deviation of 25º. In contrast, the resultant vector
length for the entire data set was 0.01, indicating that there was substantial variability
(Figure D.5). Together, these values indicated that the healthy and injured groups were
substantially different because while little variability was present within each group, the
overall variability was large. In contrast, if the resultant vector length for the entire data
set was larger, this would have indicated that the groups were more similar (Figure D.6).
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Figure D.5. The resultant vector length is used to capture the variability of the healthy (green ●) and
injured (red ●) groups. Within these groups, these vector lengths were approximalty 0.90 with 1 indicating
no variability. Therefore the observations captured for each group were relatively concentrated. In contrast
the resultant vector length (blue) for the entire data set was small (0.01) because of the differences that
existed between the groups.
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Figure D.6. The resultant vector length is used to capture the variability of the healthy (green ●) and
injured (red ●) groups. Within these groups, these vector lengths were approximalty 0.90 with 1 indicating
no variability. In contrast to figure 4 healthy and injured had more similar vector coding angles. As a
result the resulting vector length of the entire data set was much larger (blue) indicating there was less of a
difference between groups.

3. References
Batschelet (1981). Circular Statistics in Biology: Academic Press.
Watson, G., & Williams, E. (1956). On the Construction of Significance Tests on the
Circle and the Sphere. Biometrika, 43, 344 - 352.
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APPENDIX E
INFORMED CONSENT
DEPARTMENT OF HEALTH EDUCATION AND WELFARE
PUBLIC HEALTH SERVICE
ALCOHOL, DRUG ABUSE, AND MENTAL HEALTH ADM INISTRATION

Consequenc e of Functioning at the End Range of Joint Motion:
Implication on Anterior Knee Pain
Running is a popular form of exercise used by over 40 million Americans to
improve their health and well being (McKenzie, 1985). However, with all the benefits of
a regular exercise routine also comes the increased risk of injury. In fact, the knee is the
most frequently injured region amongst runners, with anterior knee pain (AKP) being the
most common diagnosis (Clement, 1981).
Anterior knee pain is believed to be a result of abnormal movement between your
knee cap and thigh bone or femur. However the exact cause of this altered movement
remains debatable. One potential cause is “excessive” rolling in of your foot also known
as pronation. Although pronation is thought to be one cause of knee pain there is
currently no consensus on what should be considered “too much”. The goal of this study
is to try and determine what is “too much” by comparing the amount of motion you use
while running to how much is available at you foot. This concept is similar to measuring
a car’s speed, and then determining whether it was going too fast by comparing it to the
speed limit.
To measure the amount of motion available at your foot, you will be place in a
device specifically designed to move your foot through its full motion. In order to make
sure your all your joint motion is measured a small amount of pressure will be placed on
the device to fully stretch your ankle. Once the motion of your foot is recorded, you will
be asked to run on a treadmill for 5 minutes at two different speeds (6.5 mph & preferred)
and under two footwear conditions (shoes & shoes w/orthotics) while the motion of the
foot is captured using a camera system.. In addition, to the physical testing you will also
be asked to fill out two surveys which will be used to evaluate your current pain and
functional levels. Additionally, participants with knee pain will be asked to wear the
orthotics used in the study for an additional 6 wks at which time you will be asked to fill
out these surveys again.
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Biomechanics Laboratory
Department of Kinesiology
University of Massachusetts
Amherst, MA 01003
Title: Consequence of Functioning at End Range: Implications on Anterior Knee Pain
Principle Investigator: Pedro Rodrigues, M.S. PT; Joseph Hamill, Ph.D.
Purpose: To evaluate how much of the available motion at the foot is used when running
in both healthy and injured runners (Anterior Knee Pain). Additionally, the ability of
orthotics to control foot motion and improve the pain and function in those with knee
pain will be evaluated.
Requirements: Participants will be running at least 8 + miles per week for at least 6
months. A subset of you will have maintained this training load without sustaining any
orthopedic injuries; however some of you will have experienced some level of knee pain
with this training load.
General Testing Procedures: This experiment will take place on one visit to the
laboratory. Before data collection begins on the first visit, you will be asked to complete
the following forms: 1) a Physical Activity Readiness Questionnaire and 2) an informed
consent form 3) Visual Analogue Scale (VAS) to rate pain during select functional
activities 4) Anterior Knee Pain Scale (AKPS). Also on the first day, height and weight
measurements will be taken. Upon consent, reflective markers will be secured to
portions of the lower legs and trunk. Once the markers are secured, the motion of your
foot will measured using a high speed camera system and a device specifically designed
to measure you foot’s motion.. You will then be asked to run under 4 conditions for 5
minutes each. These conditions will consist of running at 6.5 mph and a preferred speed
while wearing normal running sneakers and running sneakers with an orthotic. This entire
visit will last approximately 2.5 hrs. Upon the completion of the last trial, markers will
be removed and subjects will be free to go. Those suffering from knee pain, will be
asked to continue wearing the orthotics used in this study for an additional 6 wks, at
which time the VAS and AKPS will once again administered via email.
Expected Risks or Discomforts: There are slight health risks when performing any type
of exercise or stretching regimen. These include the possibility of fatigue and muscle
soreness. However, any health risks are small in subjects who have no prior history of
cardiovascular, respiratory or musculoskeletal disease. Any ordinary fatigue or soreness
is temporary.

Participant initials________
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Expected Benefits: The results of this study should improve our understating of what
ought to be considered “excessive” pronation and how it relates to the development of
knee pain. Knowledge gained from this study could be used to develop screening tools
that would accurately detect those at risk for developing knee pain and influence
rehabilitation protocols.
Alternative Procedures: There are no alternative procedures that can be used noninvasively to measure these parameters. These procedures are standard for this type of
equipment and these measures.
Cost and Compensation: The University of Massachusetts does not have a program for
compensating subjects for injury or complications related to human subject’s research but
the study personnel will assist you in getting treatment.
Questions and Answers: Any questions concerning testing procedures, risks, benefits,
or participant’s rights will be answered by investigators.
Subject Enrollment: It is expected that 40 participants will be enrolled in this study.
The study is expected to last approximately 24 weeks but your participation is expected
to last approximately 2.5 hours (one visit).
Participation/Withdrawal: You are under no obligation to participate in this project.
You are free to withdraw your consent and participation at any time, for any reason.
Confidentiality: All data collected during these sessions will remain confidential with
regard to your name and identification. If the data are used for publication in the
scientific literature or for teaching purposes, no names will be used and other identifiers
such as photographs or videotapes will be used only with your special written permission.
You may see the photographs and videotapes before giving this permission.
Additional Info rmation: Should you have any questions about your treatment or any
other matter relative to you participation in this project or if you experience a research
related injury at any time during this study you may contact Dr. Joseph Hamill via e-mail
(jhamill@kin.umass.edu); by telephone (413-545-2245); or by mail (Department of
Kinesiology, Totman Building, University of Massachusetts Amherst, 30 Eastman Lane,
Amherst, MA 01003). If you would like to discuss your rights as a participant in a
research study or with to speak with someone not directly involved with this study, you
may contact the Office of Research Affairs at the University of Massachusetts via e-mail
(humansubjects@ora.umass.edu); by telephone (413-545-3428); or by mail (Office of
Research Affairs, Research Administration Building, University of Massachusetts
Amherst, 70 Butterfield Terrace, Amherst, MA 01003

Participant initials_________
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Statement and Participant Signature (study copy)
The investigators have read and understood the General Guidelines for the Right and
Welfare of Human Subjects (Sen. Doc. 79-012) and agree to fulfill these guidelines to the
best of their ability
Investigator Signature ______________________________

Date _____________

When signing this form, I am agreeing to voluntarily enter this study. I understand that,
by signing this document, I do not waive any of my legal rights. I have read and
understood the Informed Consent Document and it was explained to me in a language
that I use and understand. I have had the opportunity to ask questions and have received
satisfactory answers. A copy of this document has been given to me.
Participant Name

__________________________________

Participant Signature __________________________________

Address

_______________________________________
_______________________________________

Telephone

_______________________________________

Witness Name _______________________________________

Witness Signature ____________________________________
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Date _____________

Statement and Participant Signature (participant copy)
The investigators have read and understood the General Guidelines for the Right and
Welfare of Human Subjects (Sen. Doc. 79-012) and agree to fulfill these guidelines to the
best of their ability
Investigator Signature ______________________________

Date _____________

When signing this form, I am agreeing to voluntarily enter this study. I understand that,
by signing this document, I do not waive any of my legal rights. I have read and
understood the Informed Consent Document and it was explained to me in a language
that I use and understand. I have had the opportunity to ask questions and have received
satisfactory answers. A copy of this document has been given to me.
Participant Name

__________________________________

Participant Signature __________________________________

Address

_______________________________________
_______________________________________

Telephone

_______________________________________

Witness Name _______________________________________

Witness Signature ____________________________________
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Date _____________

Modified Physical Activity Readiness Questionnaire

Date ______________________________

Family Name _______________________ Given Name _________________________
Please answer the following questions to the best of your knowledge (circle YES or NO)
YES

NO

Has a doctor ever said you have a heart condition and recommended
only medically supervised activity?

YES

NO

Do you ever suffer pains in your chest brought on by physical activity

YES

NO

Have you developed chest pain in the last month?

YES

NO

Do you ever feel faint or have spells of severe dizziness, passed out,
palpitations or rapid heart beat?

YES

NO

Has the doctor ever told you that your blood pressure was too high?
(systolic > 160 mm Hg or diastolic > 90 mm Hg on at least 2 separate
occasions?)

YES

NO

Do you smoke cigarettes?

YES

NO

Do you have a bone or joint that could be aggravated by the proposed
physical activity?

YES

NO

Do you have diabetes?

YES

NO

Do you have a family history of coronary or other atherosclerotic disease
in parents or siblings prior to age 55?

YES

NO

Has your serum cholesterol ever been elevated?

YES

NO

Is there any physical reason not mentioned here why you should not
follow an activity program even if you wanted to?

Please provide an explanation below for any of the questions to which you answered YES

213

Questionnaire
Date _________________________
Family Name __________________

Given Name _________________________

Age (in years) _________________
Gender (circle one)

M

F

Height _____ feet _____ inches

or

__________cm

Weight _____________ lbs

or

__________ kg

Please circle one:
Do you use any specialized insoles or foot orthotics?

YES

NO

Do you have any injuries that may affect the way you walk or run?
YES

NO

YES

NO

If YES, please describe the injury, and when it happened:

Did you injure your lower extremity in the last year?

If YES, please describe the injury and when it happened:
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